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PREFACE 


The change which has taken place during the past ten or twenty 
years in the study of mechanical vibrations and sound is my 
excuse for writing this book when such treatises as those of 
Rayleigh and Lamb already exist. These treatises^ founded so 
firmly on sound mechanical and mathematical principles, must 
for a long time to come be regarded as the basis of further develop¬ 
ments. Since Rayleigh’s Sound first appeared, many treatises 
have been written, but, with the exception of a few which have 
been published since I commenced to write the present volume, 
the majority have dealt with the subject in the time-honoured 
way with insufficient reference to the change in the methods of 
treatment which has been so conspicuous in recent years. I have 
consequently followed, whenever possible, the theoretical treat¬ 
ment of Rayleigh and Lamb, but have also endeavoured to deal 
with the ever-increasing bulk of new data and methods of investi¬ 
gation which is nosv available. Whilst writing the book my 
doubts have increased regarding a suitable chcnce of title. Murray^s 
N^w English Dictionary defines ‘Sound’ as “(1) The sensation 
produced in the organs of hearing when the air is set in vibration 
in such a way as to affect these ; also that which is or may be heard ; 
the external object of audition, or the properties of bodies by which 
this is produced ; (2) the particular auditory effect produced by 
a special cause” ; whilst ‘Acoustics’ is defined as “The science 
of sound, and the phenomenon of hearing.” Now the subject 
as I have treated it, in the light of recent developments, embraces 
much more than these definitions imply. I have regarded it as 
including not only the range, of aud.ible frequencies with which 
the subject was formerly concerned, but also the regions of 
inaudible vibrations of very low and very’ high frequency. A 
new concise description is required which embraces vibratory 
systems of all frequencies. The indiscriminate use of the titles 
‘Sound’ and ‘Acoustics’ is not surprising in view of the * 
dictionary definitions to which I have referred. I have, however, 
in the present volume endeavoured to reserve the use of the word 
‘acoustics’ (Greek aicovo). hear) fcM* that aspect of the subject 
more immediately connected with hearing. For want of af moie 
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appropriate word I have regarded ‘sound* as referring to vibra¬ 
tions of all frequencies, audible or otherwise. 

In addition to the large extension of frequency-range, new 
apparatus and new methods of investigation have been introduced 
which have completely transformed all branches of the subject 
The very important analogy existing between electrical and 
mechanical vibrating systems is now in general use. Not only 
are electrical methods extensively applied in the production and 
reception of mechanical vibrations, but the theory of one is 
closely interlinked with that of the other. The familiar con¬ 
ceptions of electrical potential, current, and impedance are now 
applied with almost equal facility to mechanical systems; we have 
mechanical filters analogous to electrical filters, and complex 
mechanical vibrating systems {e-g. such as a gramophone sound 
box or a ‘loud speaker^) are now designed in strict accordance 
with electrical principles. Electrical methods are extensively 
used also as a means of amplifying mechanical vibrations, the 
feeble effects at a sound-receiving surface being converted into 
electrical currents, amplified electrically and reporduced as 
mechanical vibrations of greatly increased intensity. It seems 
desirable that these and the many other important developments 
should be recorded side by side with the earlier work of Rayleigh 
and his followers. 

I have endeavoured to write the book in a manner suited to the 
requirements of university students, but it is hoped that it may 
also prove of some value to those interested In the more technical, 
or applied, aspects of the subject. For those requiring further 
information a plentiful supply of references to original papers 
is provided. 

In spite of the care I have taken in reading through the MS. 
1 am still conscious of mistakes, for which I ask the indulgence 
of my readers. I hope however, that none, of them are of a 
serious nature. 

In conclusion, I should like to express my thanks to numerous 
authors for their kindness in supplying me with reprints of their 
original papers, and to publishers for pennission to use tbdr 
blocks for illustrations. Specific acknowledgments will be found 
in the text. My thanks are also due to the Admiralty for per¬ 
mission to write and public this book. 


Admiralty Research Laboratory 
TeodinotON 


A. B. W. 



PREFACE TO THIRD EDITION 

The bode has been thoroughly revised, and much new material 
added. A large volume of literature relating to various aspects 
of the subject, notably ultrasonics, hearing, noise, and technical 
applications, has been published since the Second Edition 
appeared in 1941. 

An effort has been made, as far as possible, to condense this 
into textbook form, and to provide a plentiful supply of references. 


January 1955. 


A. B. W. 
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INTRODUCTION 


We may regard sound either as a sensation or the stimulus which 
produces the sensation. The physicist is usually concerned with 
the stimulus—that is, in the phenomena which occur external to 
the ear. Just as it is customary to regard ‘light’ as including 
‘invisible’ radiations in the ultra-violet and the infra-red, so we 
shall regard sound as including mechanical vibrations of all 
frequencies, audible or otherwise. In this respect sound may be 
considered as including that branch of mechanics which deals with 
alternating or vibratory motion. The study of mechanical 
vibrations is closely analogous to that of alternating currents, the 
mathematical theory being almost identical when the members 
of certain pairs of fundamental quantities, e.g. inertia-inductance, 
stiffness-capacity, friction-resistance, am interchanged. To those 
familiar with alternating-current theory, this analogy will prove 
of considerable assistance in dealing with the theoretical aspect 
of sound. Recent developments in the use of high-frequency 
alternating currents, in radio-telephony, have their counterpart 
in the pr^uction of mechanical vibrations of the same order of 
frequency. Alternating currents, of whatever frequency, provide 
also a very convenient means of exciting the corresponding 
mechanical vibrations and vice versa. 

It requires little effort to demonstrate that all sounding bodies 
are in a state of vibration. In some cases the vibrations can be 
seen directly as a blurred outline, or optical magnification niay 
be necessary to reveal them, whilst in other cases more delicate 
mechanical or electrical tests are necessary.. The simple experi¬ 
ment with the pith-ball pendulum is a very convincing way of 
demonstrating the vibration of tuning-forks, bells, or similar 
sources of sound. The experiment becomes more convincing 
when applied to the case of a short steel bar in which the longi¬ 
tudinal vibrations are above the upper audible limit. 

In order to convey the sound from the vibrating l>ody to the 
ear, or other form of receiver, at a distant point it is necessary 
that the intervening medium should be capable of transmitting 
the vibrations. In this connection it is customary to refer to the 
classical experiments of Hawksbee {Phil. Tram., 1705), in svhich 
a bell is caused to ring under an evacuated glass jar. When the 
1 
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jar is full of air at atmospheric pressure the sound is clearly heard; 
after the air is withdrawn the sound is hardly perceptible. Tyndall 
{Soutid, p. 7, 1867), with an improved pump and the use of hydrogen 
gas to replace the air in the jar, rendered the bell quite silent. It 
is important of course, in this experiment, to ensure that the 
vibrations of the bell are not communicated to the air outside the 
jar via the supports, {.e. the bell should be suspended by thin 
strings which are incapable of transmitting an appreciable amount 
of the vibration. 

We arc naturally inclined to regard the atmosphere as the 
universal medium for the transmission of sound. Speech, music, 
and all the familiar noises of everyday life are conveyed to the 
ear through the surrounding air. It is therefore not very sur¬ 
prising that until comparatively recent times the practical utilisa¬ 
tion of other media as vehicles for the transmission of sound has 
been somewhat neglected. The exigencies of war made a study 
of sound propagation in the sea a necessity, and wc were thus 
brought to realise that this relatively homt^eneous medium is 
almost ideal for the purpose. As a result of this study many 
important applications of under-water sound transmission have 
been developed. On account of the heterogeneous nature of the 
earth’s crust little practical development has so far been possible 
in its use as a medium for sound transmission. The passage of 
sound through solid wires and bars is of course familiar to all, 
but we have only limited experience yet of sound propagation 
through an extended solid mass, comparable in bulk with the 
atmosphere or the sea.* 

To complete the natural sequence of events a suitable receiver 
is required to collect the sound energy after transmission through 
the intervening elastic medium. In the case of sound transmission 
through the atmosphere the eat forms a natural, though not 
always the most convenient receiver. When liquids or solids 
transmit the sound other forms of receiver are generally necessary 
or preferable. 

The production, transmission, and reception of sound has now 
developed into a science witlt many important technical applica¬ 
tions. Before dealing with the subject in detail, however, we shall 
recall briefly a few of the more familiar points, with the object 
of defining certain terms which will occur frequently in the text. 

Musical Sounds and Noiscs—There can be no hard-and-fast 

♦ This^ disregards the case of propagation of earthquake waves, natural or 
artificial, through the various layers forming the earth’s crust and interior. 
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line of division between a musical sound and a noise; for some 
noises have a more or less musical character, whilst some musical 
sounds are not free from noise. The extreme cases, of course, 
raise no difficulty. Musical sounds are characterised principally by 
smoothness and a pleasing effect on the auditory nerves, whereas 
noises are of an irregular or explosive nature. A musical sound 
is regular or periodic, i.e. the vibrations repeat themselves at 
regular intervals. The converse is, of course, not necessarily 
true, for the periodic repetition of a noise—like a clock tick— 
would not constitute a musical sound unless the noise w'ere 
repeated at a frequency above the ‘lower audible limit.’ If 
the edge of a card is struck by the teeth of a rotating wheel the 
sounds heard might therefore be regarded as a succession of noises 
up to a speed of about 20 taps per second, merging into a musical 
sound, of a harsh character, at higher speeds. 

The general question of noise is discussed in Section V on 
‘Technical Applications’ (see p. 551). 

Frequency. Pitch —The frequency of a regular or periodic 
vibration is the number of vibrations performed per second. 
The period of a vibration is the reciprocal of the frequency, 
he. the time taken to complete one vibration. Musical sounds 
arrange themselves in a natural order according to pitch. 
The latter depends solely on the predominant frequency of 
the vibrations—the greater this frequency the higher the pitch. 
This is simply verified by means of the toothed wheel and card 
mentioned above or by means of a siren which produces a 
sound whose fundamental frequency is proportional to the 
product of speed (revs, per sec.) and the number of holes in 
the revolving disc. 


Musical Intervals. Diatonic Scale —In the case of musical 
or periodic sounds within the audible range we recc^nise certain 
corresponding differences of pitch called intervals which are 
always regarded as the same, for the same relationship, wherever 
they occur in the scale. Physically, the interv^als are distinguished 
by the property that the frequencies corresponding to the respec¬ 
tive pitches are in a simple numerical ratio. The more important 
consonant intervals, with their frequency ratios, are: 


Unison 
Minor Third 
Major Third 
Fourth 


. 1:1 
. 6: 5 
.5:4 
4: 3 


Fifth 

Minor Sixth 
Major Sixth 
Octave 


.3:2 
.8:5 
. 5:3 
. 2:1 
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The notes whose frequencies are multiples of that of a given one, 
the fundamental, are called harmonics. A slight mistuning of 
either note comprising a consonant interval produces the phe¬ 
nomenon of beats. If the mistuning is more serious, the beats 
become more rapid, a sense of discord is experienced, and ulti¬ 
mately two independent notes of the diatonic scale are recognised. 
The frequency-ratios which define each note of the Diatonic 
Musical Scale (the basis of European music) are as follow :— 

C D E F G A B C 

1 Ij ll U l.i 1| Ij 2 

I’he same series of ratios applies to any other octave which may 
be chosen. 

Intensity. Loudness—These terms refer to the external, or 
physical, and the internal, or subjective, aspects respectively. 
The intensity of a sound refers to a definite physical quantity 
which determines the rate of supply of vibrational energy. This 
energy is proportional to the square of the amplitude of vibration 
(this being measured by the maximum excursion of the vibrator 
from its central position). Loudness corresponds to the degree 
of sensation, depending on the intensity of the sound and the 
sensitiveness of the ear under the particular conditions. Near the 
limits of audibility the loudness may be very feeble, although the 
intensity be very great. In this connection also it is important to 
note that the sensation of loudness is not simply proportional to 
intensity (or to amplitude). The range of intensity to which the 
ear can accommodate itself is indeed remarkable. Thus extremely 
feeble vibrations having an amplitude of the order IQ-'^cm can be 
detected by the ear, the same ear remaining undamaged by the 
sound of a violent explosion at a short range. The ear can thus 
ea-sily accommodate itself to deal with sounds varying in amplitude 
in the ratio of 1 to 10”, or in intensity in the ratio 1 to 10'^. The 
relation between sensation and stimulus is generally expressed 
by Weber’s law: “The increase of stimulus necessary to produce 
the minimum perceptible increase of sensation is proportional to 
the pre-CAistrng stimulus.” From this law Fechner derived the 
relation 


S=^ log I or dS/dl=k/l, 

S being the magnitude of the sensation, I the intensity of the 
stimulus, and k a constant, Such a law is difficult to verify 
ex^rirncntally on account of the uncertainty in the measure of 
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S the sensation. The fact remains, iiovvever, that the sensitiveness 
dS/dl of the ear diminishes rapidly with increase of total intensity 
of the sound. The relation between ‘intensity’ and ‘loudness* is 
discussed in Section IV, p. 390. 

Quality. Wave-form—Sounds of the same pitch and loudness 
but produced by different means are distinguished by their 
‘quality.’ Thus the same note produced by a voice, a piano, 
and a violin has distinct characteristics which are at once recog¬ 
nisable by the ear. The statement that notes of the same pitch 
have the same frequency is therefore somewhat indefinite ; the 
same ^predominant frequency’ is implied. Very few sounds 
can be regarded as ‘pure,’ i.e. free from overtones. A note 
sounded on the piano is complex since it may contain, in addition 
to the fundamental note, a large number of overtones. The 
presence or othenvise of these overtones decides the quality of 
the sound. A tuning-fork emits a note which is almost pure, 
whereas the same note on a violin may contain many important 
overtones. These overtones reveal to the ear the nature of the 
instrument producing the sound. Analysis of the wave-form of 
a particular sound reveals which harmonics are present and their 
relative intensities. Wave-form is therefore an indication of 
‘quality.’ 

Velocity—The passage of sound from the vibrating source 
through the intervening medium is not instantaneous. The flash 
and the report of a distant gun are separated by an appreciable 
time-interval, indicating a finite velocity for the sound as it travels 
through the atmosphere. The time taken for the flash to reach 
the observer being quite negligible, it is possible to determine 
the velocity of the sound wave in a very simple and direct manner 
provided the distance between the gun and the observer is known. 
Of course there are various other factors involved in a reliable 
determination of the velocity, but we need not consider them 
at present. Sound travels with different velocities in different 
media. For example, sound travels faster in a long iron pipe or 
bar than in the surrounding air. This is easily verified by an 
observer listening at the end of a long iron rail whilst a confederate 
strikes the rail at the opposite end. Two sounds will be heard, 
the first to arrive via the iron, the second via the air. The 
velocity of sound in air is about 330 metres/sec., in water about 
1500 metres/sec., and in steel about 5100 metres/sec.—coverii^ 
a range of approximately 16 : 1. 
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Within wide limits the velocity of sound is approximately 
independent of intensity or frequency. Otherwise distant music 
would be confused and discordant. When the amplitude of the 
vibration is very great, however, as in the vicinity of a violent 
explosion, this simple law no longer holds; for the variations of 
density of the medium are then comparable with the normal 
density. 

Propagation of Sound. Longitudinal Wave- Motion —Sound, 
in transmission through an elastic medium, has all the character¬ 
istics of wave-motion. Just as ripples spread outwards in two 
dimensions from a stone thrown into a pond, so waves of sound 
spread, in three dimensions, in the elastic medium in contact with 
a vibrating body or ‘source’ of sound. The movement of any 
particle of the medium is, however, purely local, each particle 
making small to-and-fro excursions in a manner similar to that of 
the vibrating body itself. This local motion of the particles 
must be clearly distinguished from the motion of the disturbance 
which travels fojward from layer to layer of the medium with an 
ever-increasing radius. It is the state of to-and-fro motion which 
advances, the medium as a whole, after the disturbance has passed, 
remaining in its initial position. As we shall see, the velocity 
with which the wave travels is dependent on the elasticity and 
density of the medium. This wayt^-velocity must not be confused 
with the variable particle velocity involved in the to-and-fro 
vibration. Sound waves differ from water waves, or ripples, in 
one important respect, viz. the vibratory motion takes place in 
the same line as the direction of advance of the wave, whereas in 
the case of ripples the to-and-fro motion is at right angles to the 
direction of propagation of the wave. The former type of motion, 
as in the sound wave, is called longitudinal ; the latter, transverse. 
The general character of longitudinal wave-motion may be 
demonstrated by means of a long helical spring (e.g. 6 feet long, 
3 or 4 inches diameter, of wire O'06 inch thick) supported hori¬ 
zontally at frequent intervals by threads. If one end be moved 
to and fro longitudinally, a corresponding motion will travel, like 
a wave, to the other end. This siniple apparatus may be used to 
demonstrate effects of reflection etc., with which we are not at 
present concerned.* 

* A useful wave-model has been demonstrated by Mr. T. B. Viny- 
comb (Phys, Soc. Exhibition, 1927). This will be found valuable as 
a means of observing in ‘slow motion* the various wave phenomena 
encountered in the study of sound. 
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Order of Treatment —The logical order of treatment of the 
theory of sound involves three fundamental considerations. First, 
a vibrating body or ‘sound source’ is necessary; second, an 
elastic medium in contact with the body is required to transmit 
the vibrations to a distant point; and third, some form of receiver 
is necessary to absorb the energy fix>m the medium and to recon¬ 
vert it into a fonn which is convenient for observation. We shall 
follow ibis order of treatment as far as practicable. 




SECTION I 


THEORY OF VIBRATIONS 

The simplest and most fundamental type of sound sensation 
is that which corresponds to a simple harmonic motion— ue. to 
the simplest mathematical form of periodic function. Simple 
harmonic motions may vary in period and amplitude, but in no 
other manner-; they are consequently ideal for the production of 
‘simple’ or ‘pure’ tones. Another important feature of this 
fonn of motion is the possibility of transmission from one medium 
to another without change of form. Again, it has been proved 
by Fourier that the most complex form of periodic motion can 
be analysed into a series of simple harmonic motions having 
frequencies which are multiples of that of the complex motion. 

The vibrations of a tuning-fork may approximate closely to a 
simple harmonic motion, the sensation resulting being described 
as a ‘pure tone.* 

VIBRATIONS OF A PARTICLE 

Simple Hahnoriic Motion—The study of the motion of vibrat¬ 
ing bodies, sources of sound, is complicated by the presence of the 
surrounding medium, This medium withdraws energy from the 
sounding body and consequently exerts forces of reaction on it. 
We shall for the present, however, ignore such forces and consider 
only the vibrations of a simple isolated system. 

The typical case of simple harmonic motion is that of a particle 
attracted towards a fixed point O in the line of motion with a force 
varying as the distance from that point. If i denotes the force at 
unit distance, the force at a distance x will be — sy , the sign being 
always opposite to that of x. Thus, if m is the mass of the particle. 




. . . (1) 


• 

1 

!l 

»'*xj 

If we write 

n^=s/m 

. . . (2) 

we have 


. . . (3) 


9 
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of which the solution is 

;c=A cos sin nf . . . (4) 

or substituting A=fl cos e and B= — a sin e, 

cos (nt-f-c) • • • (5) 

where the constants A, B, or a, e, are arbitrary. The motion is 
therefore periodic, the values of x and dx/dt recurring whenever 
nf increases by 2v. The maximum displacement a is called the 
amplitude of the oscillation. The period 

T=27r/n=2ir\/m/j . . . (6) 

is always the same whatever the initial conditions of amplitude 
a or phase e, hence the oscillations are said to be ‘isochronous.’ 

The type of vibration represented by (5) is of fundamental 
importance. The equation shows that the particle oscillates 
continuously between two points which are at a distance a from the 
centre O. By simple differentiation, the velocity of the particle, 
which moves as in (*)), is given by 

dx/dt:=z—an sin (nf-f-c^ (7) 

and the acceleration 

d^xfdt‘^= — an^ cos (nf+ f) (8) 

= — n^x, as postulated in (3). The meaning of equation (5) is 
best exemplified in the case of a point P moving uniformly with 
constant angular velocity n in 
a circular path, of radius ‘a,’ 
see fig. 1. The orthogonal pro¬ 
jection M of P on the fixed dia¬ 
meter AOB will perform simple 
harmonic motion in accordance 
with equation (5). The angle g 
0— (nf+ f) indicating' the posi¬ 
tion of P, and hence of M, after 
a time f, is called the phase at 
that particular instant; whilst 
the angle e, the starting posi¬ 
tion Po when f=0, is known as 
the inuial phase or ^epoch’ 

If we denote OM by x it will be seen that the displacement of 
M frcrni O is 



x~a cos 6 cos (nf-|- e). 
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A simple harmoilic motion may consequently be described as the 
orthogonal projection of a uniform circular motion. The periodic 
time T is the time of revolution 2tr/n of the point P, and the 
amplitude is the radius ‘a’ of the circle. 

The frequency* of the motion, i.e. number of oscillaticMis of 

the point M per second, is n/2jr, or the number of revolutions of 

P per second. The expressions for the velocity and accelera¬ 
tion of the point M are obtained by considering that these are 
equal to the projections on AB of the corresponding quantities 
for P. Since the linear velocity of P is an, then the velocity 

of M is equal to —an sin (nf+e), the minus sign being a con¬ 

sequence of the negative direction of the velocity of M when $ 
is positive. The acceleration of the point P is directed radially 
inwards towards the centre O of the circle and is equal to a^n^/a 
=an^. The resolved component of this along AB gives the 
acceleration of M, viz. —arP cos (nf-J-c), or — nrx. 

A useful means of studying periodic motions is the graphical 
method in which displacements, velocities, and accelerations are 
plotted as ordinates with the time ‘t’ or the phase angle 6 (that 
is {nt-\-e ) ) as abscissae. Such curves are shown in fig. 2. Curve 

(viaeotltratiw 

(h) ottoeity 



(o) represents the displacement as a function of curve (fc) 
the velocity dxjdt, and curve (c) the acceleration ePx/dP. The 
ordinates for these three curves are not plotted to the same scale 
in the figure—the values shown must be multiplied by n and rP 
respectively to give the true values of velocity and acceleration. 
It will be seen that the velocity is always 90® (or Tr/2), and the 

♦The quantity V which characterises frequency in equations of 
periodic motion has no well-recognised descriptive name. The terra 
'pulsatance' is sometimes used. Thus pulsatance »=2irX frequency. 
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acceleration 180° (or a-) out of phase with the displacement. In 
the light of equations (5), (7), and (8) above it is evident that the 
slope and curvature of the displacement curve in fig. 2 represent 
particle velocity and acceleration respectively. The velocity is 
a maximum (equal to na) when the displacement is zero, and the 
acceleration is a minimum (equal to —n®fl) when the displacement 
is a maximum (equal to a). 

Examples of Simple Harmonic Motion —In the form of motion 
we have just considered the force is always directed to a central, 
or equilibrium, position and varies as the distance from that 
position. As equation (6) indicates, the periodic time of such a 
simple oscillation is T=27r\/m/.T, i.e. the period increases with 
the mass m and decreases with the ^stiffness’ or ^elastic’ constant s 
{s being the force required to produce unit displacement of the 
mass from its zero position). This relation is of very wide 
application in the study of sound vibrations; in fact by means 
of this principle it is sometimes possible to obtain limits for a 
periodic time of a vibrating system, which cannot easily be 
calculated exactly. The follo\ving examples are given as typical 
of simple harmonic motion : — 

(1) The Simple Pendulum — A particle P of mass m is sus¬ 
pended by a light string of length / from a fixed point C (see 
fig. 3). The particle makes small oscillations in a vertical plane 

about a point O. Let 6 be the angle 
of inclination of the string to the 
vertical, a being the length of the arc 
OP, and X the length of the perpen¬ 
dicular PN from P on OC. The 
tension of the string has no component 
in the direction of the tangent to the 
arc, hence the force restoring the par¬ 
ticle is the component of mg in that 
direction, viz. — mg sin $. To the first 
order of approximation we may regard 
sin $ as equal to 6 and the chord x equal 
to the arc a, when the angle of swing is 
small. Consequently we may write; Restoring force = —mgxflt 
therefore the motion is simple hannonic, and s (the restoring 
force per unit displacement) = —mg/l. Consequently the 
periodic time 
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This case of the simple pendulum may be used to illustrate many 
important principles in the theory of sound. In spite of the fact 
that the periodic time and amplitudes involved are so widely 
different in magnitude, the treatment is fundamentally the same. 

(2) The vertical Vibrations of a Mass suspended on a Helical 
Spring —To a first order of approximation this case also provides 
a good example of simple harmonic motion. Assuming the 
spring obeys Hooke’s law. tlie restoring force is projwrtional to 
the displacement .v, and neglecting the mass of the spring,* we 
liave: Restoring force = —s.v, Mass moved == m, Periodic time 
T=2'}r\/ni/s. This result is conveniently expressed in tcims of the 
statical increase of length which is produced by the weight w’hen 
hanging in equilibrium. Denoting this by I, we hav'C sl~mg, .so 
that the period is T-:=:2n\/l/o. the same as that of a simple pen¬ 
dulum of length /. 


It requires little effort to suggest fuithor examples of the 
same nature. In all sueh cases \vlicn wc are dn.-aling with a 
central force [uoportional, but of opposite sign, to the displace¬ 
ment the motion is simple harmonic with a period 2iT\/tn]~s—- 
ihe greater the ‘stiffness’ the smallci the period, the greater the 
‘inertia’ the greater the period. Expressed in terms of frequency 
of vibration tlie rule becomes —the smaller the "inertia’ ur the greater 


the "\tiffne\s’ the higher the 


frcqiiciu.y; frequency —„- 

27r 


's/s/m. 


Energy of a Particle in Simple Harmonic Motion—We have 
seen that the x'cloeity v of the particle in S.H.M. is given by 
dx. “ 

~ Cojtsequently the kinetic energy at this 

instant is 


E—sin'-^ (fjt -f-e ). 

Aow the sum of the kinetic L and the potential P energies is a 
constant (since no energy enters or leaves the particle), and when 
one form is at a maximum value the other is zero. Thus the 
maximum value of E gives us the total energy of the vibrating 
particle, i.e, Hence whence 

■“Sin”fnf4 e)} = ynm‘n^cfts“(nt4*eb 
Now the displacement at any instant t is .v=a cos (nf-f e). Con¬ 
sequently the potential energy of the particle at that instant is 

* The inertia of the spring can he allowed for by adding one third 
of its mass to that of the siispended mas.s (.see p. 14). 



14 


VIBRATIONS OF A PARTICLE 


F=zy 2 mn^x^, i.e. proportional to the mass m of the particle, the 
square of the frequenpy (n/2ir), and the square of the displace¬ 
ment X. 


Since the mean values of sin® (nf-j-f) and cos® (nt-f-c) are each 
equal J/ 2 j we have 

Mean Kinetic Energy=:Mean Potential Energy=j4^«fl^«^ 
and 

Total Energy—l/zma^nr. 


Consequently the energy is on the average half kinetic and half 
potential. The energy is all kinetic at the mid-point and all 
potential at the two turning points of the vibration. 

It is often convenient to study the motion of a particle from 
the standjjoint of potential and kinetic energy. Thus if the 
particle of mass m vibrate under the action of a restoring force 
which is —j times the displacement, the kinetic and potential 
energies are given by 


E — amv® and 




f 


J 


£ 

srdr—gsa;^. 


V 


Since E-j-P—constant, -j-J/ 2 j.v®--constant. On differentiating 

we obtain the solution of which is 

cos (nf+c) where n—y/s/m—Zrr/T, 

and a and e are constants representing the amplitude and initial 
phase of the motion. That is, we obtain the ordinary equation for 
the simple harmonic motion of the particle having a periodic time 
T=2Tr\/m/s. 


Example —As an e,xamplc of the application of this method 
consider the case of a mass M suspended by a coiled spring, the 
mass of the latter being too great to be negligible. Assuming 
the spring of mass m to be uniformly stretched at every instant 
of the motion, we have P—Yitsx^ where s is the force required to 
produce unit extension of the spring. 

Kinetic energy of the suspended mass 

Kinetic energy of the spring= J dy . ( ^ | 

where I is the lengtli of the spring, y is the distance of the element 
5 y from point of support. Therefore, total kinetic energy of 
systems and the periodic tme T=2wV(\r-fj»»y/i. 
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Thus, in calculating the period, one-third the mass of the spring 
must be added to the mass of the suspended weight. 

Composition of Simple Harmonic Motions —If a single particle 
is acted on by a number of distinct forces, each of which acting 
separately would cause the particle to perform simple hannonic 
motion, the question arises as to the resultant motion of the 
particle, assuming that each force produces its own effect. 

Case I —Vibrations of the same Frequency and in the same 
Straight Line, (a) Two vibrations only. Let the two vibrations be 
represented by 

xi—ci cos («<+€,) and cos (nt-f-eg) . (1) 

Since the two displacements aic in the same straight line and each 
produces its own effect, the resultant displacement is .v~.vi 4 -.V 2 , 
that i.s 


where 

and 

Writing 
we liave 
Thus 
i.e. 


.V—A cos sin nt . 

A=:ai cosej4'<5f2 cos €-2 
Brroi sin Cl4-^2 sin c^ 

A—j cos 0 and sin 6 

7-2=::;A"4-B^ and tan d—B/A . 
x—r{cos nt cos 0 — sin nt sin 0 ), 
x~r cos 


( 2 ) 

(3) 

( 4 ) 

(5) 


This indicates that the two component simple harmonic vibrations 
result in a vibration of the same frequency but with amplitude 
and phase given by r and $ respectively. The values of r and 
6 may easily be deduced in terms of aiog and from equa¬ 

tions (3) and (4) above, whence it w’ill be found that the resultant 
amplitude 


and 


={ai^4-a2® + 2 aja 2 cos (c| - 


( 6 ) 


tan 0“ 


fli Bin 4 -ag €2 
a I 00a €1 4-a3 008 


(7) 


It is a simple matter to obtain the same results graphically. It 
will be found that two simple 
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straight line may be combined like two forces in the usual paral¬ 
lelogram construction, i.e. according to the law of vector addition. 
The diagonal of the parallelogram represents in length the amplitude, 
and in direction the phase of the resultant vibration. 

(b) Any Number of Vibrations —In a similar manner it may be 
shown that any number of simple harmonic vibrations of the same 
frequency result in a vibration of the same type. 


Thus 


where 

and 


008 (nt + e) 

^=008 nt Sa cos 6 - sin nt Sa sin c 
cos (nt + o) 


r=\(Sa cos c)^ +(J£a 


sin e 



( 8 ) 

(9) 


tan Q 


2a sin e 
Sa cos e 


( 10 ) 


The paitirular case of two forces only, (a) above, may be at once 
deduced from those expressions. 

Regalded from the graphical standpoint, since two S.H.M.’s 
of the same frequency and in the same straight line may be com¬ 
bined, it will be seen that atiy number of such vibrations can be 
combined by taking the resultant of any two of them and com¬ 
bining it with a third vibration and so on, until the final resultant 
is obtained. Such a system of vibrations is reduced to a single 
tc.sultant by a vector polygon in exactly the same manner as a system 
of forces acting at a point, 

(c) A large Number of Vibrations of the same Amplitude and 
Frequency but differing progressively in Phase —^This case is of 
particular importance when we come to deal with the subject 
of diffraction of sound waves (see p. 233 and p. 332). The effect 
of superposing m component vibrations of the same amplitude 
and frequency, but progressively differing in phase by € j may be 
obtained from equations (9) and (10). We must now write 

Sa sin c—oCsin 0 + sin f + sin 2 e + • • • + sin (m - l)c] 

_ Pin fmc/Q) (w-l)t 

sin (f/ 2 ) 2 ’ 

and 


2a 008 f~a[oo9 O + cos e + cos 2c4-*" + co8(«i —l)c3 


sin (?n6/2) (’wk-l)c, 

sin V2) ' 2 
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Thus, when m is large and e small 

ma sin 0 


I 

I 



’*• (lOa) 

V 40 

where 26 is the phase difference between the first and the last of 
the component vibrations. 

The same result may be 
obtained, if required, from 
the vector polygon (see 
fig. 4). Commencing at O in 
the line OX the polygon 
OABP is constructed witli 
each side of length a and 
making an angle e with its 
neighbour. The resultant 
vibration R is given in 
amplitude and phase by OP 
the closing side of the 
polygon. 

Phase Change Continuous 
—A case of special importance arises when the component 
amplitudes a and phase difference e may be regarded 
as infinitesimal. The polygon then becomes a continuous 
curve close by a chord. If a is represented by a length 

Si of the curve and e by 
a small change of angle ^6\ we 
have as before =( cons¬ 

tant), or 5=0'X (constant), 
which defines the arc of a circle 
tangential to OX at O (see 
fig. 5). The constant in this 
relation is the radius r of the 
circle. Writing as before 
ZXOP=0, then 0' = 20 and 
O T X 5 =20r. The resultant vibration 

Fic. 5 is represented by the closing side 

of the polygon, i.e. the chord OP 
joining the extremities of the arc. We see from the construction that 

R=chord OP=2r sin 6, 

and the arc of length 2r0 must also be mSJi whence r=m 5 ^/ 20 . 

. 0 ' 



Consequently 


> sin 6 

e 


9 Sin 


or 


3 


e' 

3 


which is in agreement with equation (10a). 
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Whenever $' is an odd multiple of a, the last component 
vibration being in opposite phase to the first, and 6 an odd multiple 
of ir/2j the resultant R(=2V'n-) « equal to the diameter of the 
semicircle formed by the vector addition of the components. 
Similarly when 6' is an even multiple of the polygon is a com¬ 
plete circle and R becomes zero. 

Continuous Phase Change. Ampliiudes gradually diminishing. 
Spirals — An interesting and important modification of the case 
just considered occurs when the successive amplitudes are slowly 
diminishing in magnitude (see fig. 6). From 0 to ir, the 

polygon is represented approxi¬ 
mately by a semicircle ; from 
a to 2 a a second semicircle is 
added but the diameter is 
slightly less on account of the 
gradual decrease in amplitude ; 
a third semicircle of still 
smaller diameter is added 
between 2ir and Sir, and so 
on. Actually, of course, the 
radius of curvature of the 
polygon gradually diminishes. 
For an infinite number of 
component vibrations the 
polygon becomes a spiral 
curve converging asymp¬ 
totically to the centre P of the 
first semicircle. In such a 
case the resultant R(=OP) is equal to half the resultant corres¬ 
ponding to the first half-turn of the spiral and is ir/2 out of phase 
with the first component vibration at O. In general, it is evident 
tliat 



O X 


Fig. 6 




Ri 

2 



> 


where Ri and R are the resultants corresponding to the first and 
the last (L ***) half-turn of the spiral. As L increases Ry^ diminishes 
and ultimately becomes zero when L is infinite. 

Case II— (a) Vibrations of Different Frequency, and in the same 
Straight Line. In thb case 

a;-oi COB (»it + C() + a2 008 (n2f + €2) ••• (ll) 

If and ng are incommensurable the value of x never recurs 
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consequently the resulting motion is non-periodic. If, however, 
fii and 7*2 be in the ratio of two whole numbers, x will repeat after 
a time equal to the L.C.M. of ni and nz, but the vibration will 
not be simple harmonic although it is periodic. The case when 
ni and n 2 are commensurate will be considered under Fourieris 
theorem (see p. 25). 

(b) Slightly different Frequencies. Beats — A special case arises 
when the frequencies of the component vibrations are almost 
equal. This case is of frequent occurrence and of considerable 
importance. If the two vibrations represented on the right-hand 
side of equation (11) have the same amplitude, frequency, and 
initial phase it is evident that the resultant amplitude will be 
double that due to either of the forces individually. If now one 
of the vibrations has a slightly higher frequency than the other 
the combined vibration will at first be nearly the same as if the 
frequencies were equal— ue. the resultant amplitude will be double 
the ‘ single ’ amplitude. As the higher frequency vibration gains on 
the lower, however, thereby changing the relative phase, a point 
will be reached when they are in opposition and will neutralise 
each other (amplitude zero). After a furtlier interval they will 
again be in phase and the amplitude doubled and so on. 

Let the two frequencies be n/2x and {n-^m)/2xt m being small 
compared with n. The corresponding vibrations are 

a:i "“aj cos (n< + fj) ') 

and / ••• ••• ( 12 ) 

*2 "• <*2 cos (nt + mi + 6 a^ ^ 

Since m is small compared with n these equations are similar to 
(1) above, if we regard {mt-\- €z) as the phase term in the second 
equation. Consequently as in equations (6) and (7) the resultant 
amplitude and phase are given re.spectively by 

f ■■[ai® + a2® + 2 aia 2 cos {cj—(«»< +€2)}]^ ••• ( 13 ) 

and 

, _ sin c,+02 rin (we + c.^) 

tan 0 --*-— - - 7 —-V ••• (14) 

fli COS Cl+a2 cos (m« + e2) 

the resultant displacement being 

® — r cos (ni-t- 0 )-** ••• ••• (16) 

The resultant vibration of frequency n/2x may thus be regarded 
as harmonic with amplitude r and phase $, which vary slowly 
with a frequency m/2x. The amplitude is a maximum when 

cos (ci-C2-wf)*" + 1 , r'»ai+a2i 
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and a minimum when 


008 (fi-fa-1, r*ai“a2. 

If we take for simplicity the case when 


and 


di “fla Ci*= 62 ** 0 , 

a!*"rcosnf ••• 


( 16 ) 


f 


i2o®(l + coa mt)) 


h 


- (17) 


i.e. the resultant amplitude varies between 2a and 0, the time 
interval between two successive maxima being 2x/fn. 

The phenomenon of ‘beats/ illustrated in fig. 7, is observed 




Fic. 7 


when two notes nearly, but not quite, in tune are heard together. 
In such a case a periodic rise and fall of intensity is noticed. The 
explanation is afforded by the above analytical treatment, which 
indicates also the importance of arranging approximately equal 
component amplitudes to secure the greatest contrast between 
maxima and minima. When two notes of nearly equal pitch are 
Bounded together the frequency of the beats is m/2x if n/2» and 
(n-f-tn)/27r are the frequencies of the two notes. This principle 
may be employed to tune two notes to unison with considerable 
accuracy. Under favourable conditions beats as slow as 1 in 
30 seconds may be recc^nised. 

The phenomenon of ‘beats’ has also a very important signi¬ 
ficance in the case of electrical oscillations of radio-frequency (of 
the order 10* cycles per second) and in the corresponding case 
of high-frequency sounds. The beat effect in these examples is 
generally known as ‘heterodyne.* Briefly, two very high and 
quite inaudible frequencies n and (n-f-m) are rendered audible, 
after rectification, by slight mistuning—the number of beats per 
second m falling within the range of frequencies perceptible by 
the ear. 

Case ni —Vibrations of the same frequency in directions at 
right angles. In this case we are dealing with the motion of a 
particle in a plane. The projections of this motion on rectangular 
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axes X and y each represent a simple harmonic motion. Let these 
motions be indicated by the equations 

aj'-a cos (nt+fj) and y - 6 cos (ni + Cg) *•* (18) 

Since the axes are rectangular and the amplitudes of the motion 
a and 6, the path of the particle must lie within a rectangle of 
sides 2a and 26. Eliminating t from these equations, we obtain 
the equation to the curve of resultant motion of the particles, viz. 

^ 008 (fi - € 2 ) ” 8in®(ei - € 2 ) - 0••• (19) 

a o ao 

This is the equation of an ellipse whose position and dimensions 
depend upon the amplitudes a and b and the initial phases €\ 
and If is equal to €2 or they differ by st (half a period) the 
ellipse takes the form of two coincident straight lines 



If the phases differ byx J2 (quarter period), cos (e^ - and 

the equation becomes 



an ellipse whose axes coincide with the axes of co-ordinates x 
and If, in addition to this condition the amplitudes a and b 
are equal, the orbit of the particle becomes a circle with centre 
at the origin, viz. 

Frequencies nearly Equal — When the two S.H. vibrations are 
exactly alike in frequency the elliptic paths referred to above 
remain perfectly steady. If, however, there is a slight diflFerence 
between the frequencies, the form of the ellipse will slowly change. 
This effect is due to the gradual change in the relative phase 
elliptic orbits is a rectangle of sides2c and 26, since the extreme 
(*i ” ^a) components. The boundary of all the possible 

elliptic orbits is a rectangle of sides 2a and 26, since the extreme 
values of x and y are ± and ± 6 respectively. We shall now 
consider the effect of maintaining a and 6 constant whilst slowly 
varying (€j - Starting with the phases in agreement, - €2 “ 0, 

the ellipse coincides with the diagonal-rectangle. 

a 0 

As(e| - eg) increases from 0 to jr/2 the ellipse opens out to the 
form^-|-|^ =1, afterwards closing up again and ultimately 
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coinciding with the other diagonal — +^=0, as - c. 2 ) increases 

a 0 

from 3r/2 to^r. As the phase difference varies from jr to 2;t the 
reverse process lakes place until the ellipse again coincides with 
the first diagonal. The cycle of changes is illustrated in fig. 8 (a). 
The frequency of this cycle is clearly equal to the difference of 
frequency of the component simple harmonic motions. 



Vibrations of tliis character may be demonstrated in a very 
convincing manner by means of the spherical pendulum. A 
heavy hob suspended on a thread or a wire describes an elliptic 
path with period T=2»V^7& swings under the action of 

gravity. By varying the amplitudes of displacement along the 
X and y axes the bob can be made to describe the series of ellipses, 
circles, and straight lines shown in fig. 8 (a). 

Case IV — VihrationSf having frequencies commensurate (or 
nearly so ), in directions at right angles. When the ratio of fre~ 
quencies is 2 : 1 the component vibrations are represented by 

ooB (2nf4-ei) and cos nt + € 3 } • (20) 

which, on elimination of t, give the resultant orbit of the particle, 
viz. 

-«n ( e, -e 2 )| +1 8'° (^1 “€a)” l}“0. (21> 

This is the general equation for a curve having two loops which 
(for (e, -«2)=m3t/2, where m is an odd integer) degenerates into 
two coincident parabolas, represented by the equation 
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If the frequencies depart slightly from the ratio 2 ; 1 the fonii 
of the curve slowly varies in a manner indicated by variations 
of (e| —€ 2 ) in equation (21). Typical curves of this character are 
shown in fig. 8 (b). 

When the ratio of frequencies is 3 : 1 an equation of the sixth 
degree represents the resultant orbit. Taking the case where 


cos 3nt and y*6 cos nf. 


the equation obtained by eliminating t is 


/ V 

w 


3y 

6 




“ 0 , 


representing two coincident cubic curves. When (f, - eg) =ir/2 
the equation is one of the sixth degree, 



( 22 ) 


which represents a curve having three loops. As in the previous 
cases, wheii the ratio of frequencies is not exactly 3:1, the form 
of the curve changes slowly in accordance with the change of phase 
relationship (t, -e^). Typical phases of the curve are shown in 
fig. 8 (c). If the ratio of frequencies is a whole number ‘N’ the 
number of loops in the figure will also be N. This analytical 
prcKess of determining the resultant motion of a particle acted on 
by simple harmonic forces at right angles becomes rather cum¬ 
brous when the ratio of frequencies is greater than 3, and graphical 
methods become more suitable. 


Blackburn's Pendulum — A. very simple experimental method 
of investigating the combination of rectangular vibrations is that 
known as Blackburn’s pendulum. Taking the general case of two 
motions at right angles, 

sB"*a tios (knt +^i) and y”"6 cos («f+ ^ 2 ^ ’** (23) 

where k is a constant representing the ratio of the frequencies 
of the component vibrations, it is possible by means of this 
pendulum to determine the resultant motion. Blackburn’s 
pendulum is of simple construction. It consists of a weight P 
hanging on a string OP attached at O to another string AB fixed 
at the ends (see fig. 9). Neglecting the inertia of the strings, 
the point P will always be in the same plane as AOB. It will be 
seen that the motion of P may be either that of a simple pendulum 
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of length OP (vibrating in the plane of the diagram), or of a simple 
pendulum of length NP (vibrating at right angles to the plane of 
the diagram), or of a combination of these two vibrations. Thus 
if OP=/i and NP=/ 2 j the two component frequencies will be 


A 



ani /.2 


1 ^ 

2a 



respectively. The resultant motion of the bob will in the general 
case be represented by equation (23) above. 

Various modifications of this pendulum, to give simple controls 

of the relative frequencies, amplitudes, 
and initial phases, have been des- 
B cribed* and the reader is referred to 
these descriptions for further details 
of this fascinating and instructive 
apparatus. 

Tlie numerous figures obtainable by 
means of Blackburn’s pendulum are 
generally known as Lissajous* figures. 
The figures were first produced by 
Lissajous using an optical method as 
an accurate means of comparison of 
vibration frequencies of two systems in motion at right angles. 
The experiment is most directly carried out by means of two tuning- 
forks vibrating in planes at right angles. One prong of each fork 
carries a small mirror, and a spot of light is reflected successively 
from the two mirrors on to a screen where the combined motion 
of the two forks is clearly shown. Many other optical and 
mechanical devices have been described for producing Lissajous’ 
figures. Wheatstone’s “kaleidophone” (1827) gives some of these 
figures in a very simple way. It consists of a straight rod clamped 
m a vice and carrying an illuminated bead at its upper end. If 
the rod is circular in section the end will describe a circle, ellipse, 
or a straight line—but on account of slight differences in elasticity 
in different directions the figure usually changes and revolves. By 
bowing the rod at different points, vibrations of overtones are 
superposed on the fundamental. In this way the frequencies of 
the fii^t and second overtones were found by Tyndall to be 6'25 
and 17 36 times the frequency of the fundamental (see p. 117). 



|{ K j ** ntouvemems Vihratoires. J.A. Lissajous. Pub- 

1873. (2) Harmm^graphs and Vibration Figures. Gould, Benham, 
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By means of the cathode-ray oscillograph* the formation of 
Lissajous* figures at any frequency {e.g. of the order 10®) is very 
simply demonstrated. In this case the ‘vibrations’ at right angles 
are electrical and produce proportionate displacements of a beam 
of cathode rays which subsequently fall on a photographic plate 
or a phosphorescent screen, where the resultant motion, i,e. the 
Lissajous figure, is indicated. 

As we have already seen, the frequency of repetition of the 
cycle of Lissajous’ figures is equal to the difference of frequency 
of the component vibrations when these are nearly equal—corre¬ 
sponding to the effect of beats in the case where the component 
vibrations are co-linear. 

The production of stationary, or slowly-changing, Lissajous’ 
figures has an important application in the comparison of fre¬ 
quencies of vibration. Thus Konig studied the effect of tempera¬ 
ture on the frequency of a tuning-fork by means of the Lissajous’ 
figures formed by this fork and another ‘standard’ fork. In a 
similar manner he investigated the effect on frequency of a fork, 
produced by proximity of a resonator having varying degrees of 
slight mistuning. D. W. Dye has employed the cathode ray 
oscillograph for the harmonic comparison of very high frequencies 
(10*’^ cycles/sec.)—the high frequency being adjusted to an exact 
multiple of a 1000 jj.p.s., the frequency of a standard fork. The 
figures reproduced in Dye’s paperf at these high frequencies bear 
a striking resemblance to those in Tyndall’s R.I. lectures on 
Sound,t at low frequencies of the order of 10 to 1000 p.p.s. 

Fourier’s Theorem 

Summation of any number of simple harmonic vibrations of com¬ 
mensurate frequencies—the vibrations being in th ' same straight 
line Synthesis and analysis of complex forms of vibration. In 
Case 11 (a) above, a brief reference was made to the combination 
of S.H. vibrations of commensurate frequencies. A very important 
theorem which deals with this case is due to J. B. J. Fourier.§ 
The theorem is stated in various forms by different \vriters, and 
is generally quoted in relation to the study of the . transverse 
vibration of strings. Its application is, however, of much wider 
scope than this. Briefly, the theorem states that any single-valued 
periodic function whatever can be expressed as a summation of 

* A. B. Wood, Proc. Phys. 5oc., 35, p. 109, 1923. 
f Proc. Phys. Soc., 37* part 3, April 1925, pp. 158—168, 

tPp, 133--135. S Tkeorie de la Chalcur (Paris, 1822). 
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simple harmonic terms having frequencies which are multiples of 
that of the given function. 

The theorem not only deals with the synthesis of a complex 
periodic vibration from simple harmonic terms, but also indicates 
a method by which a complex vibration can be analysed into its 
component simple vibrations. 

It should be noted that the theorem has two provisos regarding 
the form of the complex vibration, viz. (1) that the displacement 
must be single-valued and continuous—it is obvious that this 
condition is fulfilled in all cases of mechanical vibrations, e.g. 
a particle cannot actually have two different displacements at the 
same instant of time; (2) that the displacement must always have 
a finite value—this condition also is clearly fulfilled in the case of 
sound. Fourier’s theorem may be expressed by the series* 


a;“»/(ni) — a© + ai cos (nt + Ci) + 02 cos (2ni+ £2)+ •** 

+ Or cos (rnt + 

thab is, 




fc "•/{nt) - a© F ^ ar cos rnt + €,.) 


r-i 


( 1 ) 


In this equation x is the displacement of the complex periodic 
vibration of frequency n/2ir; ai, osj amplitudes of the 

component simple harmonic vibrations, c,, being the respec¬ 

tive initial phases. It is sometimes convenient in analysis to 
express x as the sum of a sine and a cosine series. This can easily 
be done by writing A~a cos e and B =—a sin e , when we obtain 

x=z.f{nt) — Ao+Ai cos n^4-A2 cos 2nt-\- ... -j-A,. cos (r. nt) I , 2 '\ 

-|-Bi sin nf-l-B 2 sin 2nf-f' • • • (^^0 1 ^ ^ 

Integrating this equation, with respect to for a complete vibra¬ 
tion of period T—lir/n, we find 


-L r 

“t J 0 


xdt 


(3) 


To obtain the amplitude-values A,, of the cosine series we multiply 
all terras of equation (2) by cos {r.nt) and integrate for a 
complete cycle (0 to T), whence 

2 r , 

0 


2 

Ar®— I X COS ( f. nt )dt 

X < A 


* The analytical proof of this theorem is beyond the scope of this 
book. Reference should be made to Fourier’s original work or to various 
mathematical treatises on the subject. H. S. Carslaw, Fourier’s Series 
and Integrds, London, Lamb (Dynamical Theory of Sound) deals 

with the theorem in a very helphil manner, but does not give a rigid proof. 
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Similarly the amplitude-values of the sine series are obtained 
by multiplying all terms of equation (2) by sin (r.nt) and in¬ 
tegrating as before 



(r. nt)dt 


(5) 


By means of equations (2) to (5) it is possible to analyse or syn¬ 
thesise any complex form of vibration. The constant amplitude 
term A© or n© is a measure of the displacement of the axis of the 
vibration curve from the axis of co-ordinates. If the abscissa of 
the curve coincides with the axis of the curve the constant 
vanishes. Equation (3) shows that A© represents the mean dis¬ 
placement. Measuring from the lowest point of the displacement 
curve to the mean value of x we obtain, the axis of the curve. 

The terms required to construct a given curve may be limited 
or may be infinite in number. Certain harmonics of the series 
may be missing entirely. As an example consider the case of a 
combination of two S.H.M.’s of nearly equal frequency resulting 
in ‘beats’ (see fig. 7). If the two frequencies are, say, 300 and 
302, there will be two beats per second, i.e. the fundamental 
frequency of the resultant is 2 p.p.s. Analysis of the ‘beat* 
vibration will therefore indicate that only the 300th and 302nd 
tenns of Fourier’s series are present—the fundamental of the 
scries will have a frequency of 2 p.p.s. but zero amplitude. 


Examples illustrating Analysis and Synthesis by 
Fourier’s Theorem 


Example (1 )—Displacement x constant {equal to c) from t=0 
to T/2, and zero from T/2 <o T (a ‘square’ wave), see fig. 10. 


j: =/(»/)--_- 

c from t 
0 from t 

=0 to T/2, 
-=T/2 to T, 









% 1 

r t 


Fig. io 


when the time axis of co-ordinates is taken through the lowest 
point of the displacement curve. From equation (3) we have 
for Aoi 
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1 

Tj 


which may be written 


A«=t/ ‘’*=2- 


i.e. the axis of the displacement curve is the line x'=c/2. 
From equation (4) 


2 

Ar=>p J X 008 {rnt)dt, 


which reduces to 


Ar 


c r r. 

T Jo 


-f 


sm 


= 0 . 


when we remember that T=2ir/n., i.e. all the cosine terms of the 
Fourier series have zero amplitude, and consequently disappear 
altogether. 

Similarly, from equation (5), 

2 

Br==-^J ^ sin (rnt)dt. 


which becomes 

-£ 

3tr> 


[- 


23ltl‘^'® C r -1 

cosr.Y'J^ =~[-008 r.:r+l]. 


Wlien r is even 

cos r. w‘=+1 and Br =0, 
when r is odd 

cos T. 1 and Br = 2c/vr. 

Consequently all the even terms of the sine series disappear, and 
we are left with the odd terms, having amplitude coefficients 

h L h T» ekol. 

The complete series therefore becomes 

+ “[sin ni +1 ain 3nl + g sin 6nf + • •* + ^ sin f. n^j 
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In fig. 11 the addition of these tenns is indicated graphically. In 
(a) the first three terms of the series are shown independently, 
and as a resultant curve. It will be seen that even in this case 





(a} addition of 3 term a 



(b) addition of 15 terms 
Fig.11 

the resultant bears a rough resemblance to the curve to be analysed. 
By ihe addition of 15 tenns of the scries shown in (fe) the curve 
is almost perfectly repro- c 
duced. « 

Example (2) — Displace- | 
ment linear with time from 
x=^c when t=0 to x=0 
when f=T (see fig. 12). A q 
‘saw-tooth’ wave. 

x=/(nf)=t(l—i/T) 
when the tirr'C axis passes 

through the lowest joints of the periodic curve. 

which gives the ordinate of the axis of the curve. 

Again 

J"o(l -t/T) 008 {rnt)dtt 
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which, on integration between the required limits, reduces to zero 
for all values of r, ie, the cosine series becomes zero. 

Qe 

(l-</T)Bin r ,nt)dU 

which on integration reduces to Icjvr, That is, the amplitude 
coefficients of the sine series are 


% 



1 I 1 

2* 3- i- • 



and the corresponding simple hannonic motions have periods 
T, T/2, T/3, etc. The Fourier’s series in this case is therefore 


x=f{nt)- 


2 


^of . 

—I SI 
x\ 


sin ni + sin 2nt + ^sin 3n^ + ■ • • + -ai n rnt 
2 o r 


) 


The addition of successive terms of this series is indicated graph¬ 
ically in fig. 13. The curves indicate clearly the convergence of the 
series; the more terms employed, the closer the resemblance 
between the resultant curve and the curve under analysis. 





Example (3 )—Two straight lines meeting at x=c, f=T/2 and 
passing through x=0 at t=0 and.t=:T respectively (see fig. 14 (a)). 
In this case we have 

x=2ci/T from t=0 to t=T/2 
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and 


^=2c(l—^/T) from fr=:T/2 to t=T. 

^’■“'1 [/„ ¥ * ■*■ ftifi ’ 


a 


A 

T 


I oos (r. nt)dt j 




For even values of r the values of become zero. When r is 
odd A,= - . 



i.e. all the sine terms disappear. The Fourier series thus reduces 
to a series of cosine terms of amplitude coefficients, 


1 -L L . \ 

and periodic times T, T/3, T/5, T/7, etc. Thus 

~ nt + p COB 3n< + ^oos 5nt + • * * + 

cos r. ni J 

The resultant obtained by adding three terms of this series is 
shown in fig. 14 {b). It will be observed that the series is rapidly 
convergent, and therefore the curve under analysis is closely 
represented by the sum of comparatively few terms of the series. 
In this respect, compare with fig. 13, where the series is not so 
rapidly convergent. Writing n=2w/T in the above equation for 
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X, we znay obtain a useful check on the accuracy of the result. Thus 
when t is an odd multiple of T/4j the displacement x is always 
£/2, i.e. the particle is then passing through the mid-point of its 
vibration—this is evident from a consideration of the (hsplacement 
curve (fig. 14). Again, when t is an odd multiple of T/2, the dis¬ 
placement X has always reached its maximum value c, and we have 

*”=-|-^(l + 5^+p+ - ..to inanity) 


writing this becomes A. to infinity, 

0 U 


which is known to be correct. 

Even and Odd Harmonics—An even harmonic has a frequency 
which is an even number of times the fundamental frequency. 



Flo. ISA—Second Harmonic and 
Fundamental 


One of the effects of an 
even harmonic is to make 
the two halves of the wave 
dissimilar (fig. 15a). The 
presence of odd harmonics, 
however, docs not render 
the wave-form unsymme- 
trical (see fig. 15b) ; when 
the fundamental has ad¬ 


vanced through half a period the odd harmonics have advanced 
through a number of complete periods plus half a period, hence 





Fic. ISs— Third Harmonic and Fundamental (illustrating effect of varying 

relative phase) 

their instantaneous values are in the same direction relative to 
the instataneous value of the fundamental. 
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The relative phase of the harmonics and the fundamental affects 
the resulting character of the wave to a marked extent. This is 
illustrated in the series of curves shov\'n in fig. 15 (&), which result 
from the substitution of different values for the angle e in the 
expression x=:In sin sin (30-f-e), where the amplitude B 3 

of the third harmonic is one quarter Bi, die amplitude of the 
fundamental. 

The above examples of the application of Fourier’s theorem to 
the analysis and synthesis of comparatively simple types of periodic 
vibration, also serxe to indicate the complexity of the calculation 
when the curve between 0 and T is very irregular. In such 
cases the analysis by calculation is a long and tedious process 
requiring perhaps several days’ work for a single curve. In order 
to simplify the process when many complex periodic curves have 
to be examined, various types of mechanical devices have been 
constructed. These devices, known as ‘harmonic analysers/ are 
designed to perform mechanically the integrations indicated in 
equations (3), (4) and (5) above. Instruments of this nature have 
been devised by Kelvin {Proc. Roy. Soc., 27. 371, 1878), Hcnrici 
(Phil. Mag., 38, 110, 1894), Michelson and Stratton (Amer. Journ. 
Science^ 5, 1—13, 1898), and many others.* Fourici’s theorem 
and ‘harmonic analysis’ has a w’ide field of application, not only 
in the study of sound, but in astronomy, meteorology, tide pre¬ 
diction, mechanical and electrical engineering. 

Damped Vibrations 

Frictional Forces—It has been assumed up to this point that 
all vibrations have a constant amplitude for an indefinite time. 
Dissipative, or frictional forces, involving losses of energy in heat 
and other forms of mechanical motion, have been disregarded. 
There is no simple law which indicates the variation of frictional 
forces when a body moves through a medium offering resistance 
to its motion. Experiment has shown that the law of resistance 
changes with the velocity of the body. For small velocities, 
however, it is generally assumed that the retarding force, due to 
the medium, is proportional to velocity. The problem of the 
vibration of a particle subject to a restoring force proportional 
to its displacement and a resistance vaiying as the velocity is 
very important. All vibrating bodies are subject to such forces, 

*^(1 interesting description of harmonic analy.<is and synthesis, with a 
valuable list of references, is given by D. C. Miller in The Science of 
Musical Sounds (Macmillan: New York, 1916). 

3 
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otherwise there would be no loss of energy by the body and 
consequently no radiation of sound energy. 

The equation of motion of a vibrating particle of mass m subject 
to a damping force proportional to the velocity is 

(Pv dx 

dr+“='' • • ■ (1) 

where s is the ‘spring factor’ (stiffness factor) or the restoring 
force per unit displacement, and r is the ‘resistance constant’ or 
retarding force per unit velocity. Equation (1) may conveniently 
be solved as follows. Writing 

x=^ye~^^ . . . . ( 2 ) 

we have 



Sulistituting in equation (1) we have 



Writing sfm—n^ (where 2n-/n is the period of the free oscillations 
of the unrestrained particle), and r/2m—k (since wc are at this 
stage free to choose any convenient value for the constant k), 
equation (5) becomes 

-f (?i^—F)y=0 ... (6) 

Equation (1) is therefore satisfied by 

x~e-^^y .... (7; 

provided the value of y is defined by equation (6). Three im¬ 
portant cases arise : 

Case I —Frictional Forces Small, n'^k. This -stipulation 
makes in equation (6), a positive quantity. Consequently 

if we write \/(n^— k^) —n' the solution of (6) is y=a cos {n't-}- e ) 
Substituting this value of y in equation (7) we obtain 

x~ae ' cos (n't-f-c) 


(8) 
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This relation for x represents geometrically a simple harmonic 
curve of which the amplitude diminishes exponentially to 

zero with increasing time. Since the periodic lenn cos e] 

alternates between the limits ± 1, the space-time curve of x lies 
between the curves x—±a6 fig. 16). The measure of the 

decay of amplitude is the constant 
k, called the ‘damping coefficient.’ 

This constant depends on the ratio * 
of resistance to mass (r/2m)—^it 
should be noted, however, that o 
the rate of dissipation of energy 
{rx^) in the system due to friction 
depends only on the resistance 
factor r (see also p. 42). 

The ratio of maximum amplitudes after < oscillations (i.c., after 
a time t~ oc T=: /N, where N is the frequency) is, from 
equation (8), 

whence k = '’A3 log]of^**Y 

V flii/ 

Reference is sometimes made to the ‘modulus of dicay’ of damped 
oscillations; this is defined by the time taken for the amplitude 
to fall in the ratio \/e. 

A simple harmonic vibration, undamped, can be represented 
by the orthogonal projection of a unifonn circular motion. 
Similarly the damped vibration which we have just been consider¬ 
ing is obtained from the orthogonal projection of an equiangular 
spiral, described at constant angular velocity with the radius 
vector diminishing at a uniform rate. 

Effect of Damping on Frequency — In equation (8) above, the 
period of the damped oscillation is 2rr/n', w^here n* — -\/n ^— 
and 2ir/n is the undamped period. T'he frequency is there¬ 
fore diminished by the damping. In most cases occurring in 
practice, however, the difference between n and n' is a very 
small quantity of the second order, and may usually be neglected, 
i.e. the effect of damping on the period is negligible, except in 
a few extreme cases where the vibrations are strongly damped. 
As an example of the effect of damping on frequency take the 
case of a tuning-fork of frequency 25 p.p.s. (n“157), and damp¬ 
ing coefficient k~0'l- (found experimentally from observation 
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of tlie time required for tlie amplitude to fall to half its initial 
value).* 

»'==V«‘-T-=V24,649-0-01 = 

That is, the damping has lowered the frequency by one part in 
live millions, a quantity which in practice is usually quite negligible. 
In general, the period will be given by 2Tf\/mJs {=:2ir/n). 

Case II — Large Fnclional Forces, k'^n. In this case of very 
heavy damping, equation (6) becomes 




0 , 


where 


n' = \/k^ — ri^. The solution is whence 

a; +( by equation (7) ) . . (9) 


if 

ici z=k-~ and =-k + \/~^n\ 


The particle docs not ‘vibrate,’ but the displacement after passing 
its first inaxiruuin decays asymptotically to zero. This is the case 
of an ^overdamped/ ‘deadbeat,' or aperiodic displacement, illustrated 
in a moving coil galvanometer shunted by a very low resistance. 
It has, in common with the following Case III, important applica¬ 
tions in the electrical recording of sound by means of an oscillo¬ 
graph, and in the design of certain forms of sound receivers. 


Case III — k=-n. 


Equation (6) now become 



=0, whence 


j/=-A/ + B and ir = c ^'*(Ai f B) . (10) 


This is the transition case of critical damping, the motion being 
just aperiodic or non-oscillatory. The displacement at first 
increases by virtue of the factor (At+B), i)ut the exponential 
term becomes relatively important as t increases. J’he displace¬ 
ment can. only become zero for one finite value of t. 

The case of critical damping has an important bearing on the 
problem of recording .sound vibrations cither uiechanically or 
electrically. 


Forced Vibrations. Kcsoroincc 

So far we have dealt only with ‘free' vibrations where no 
external forces, apart from frictional forces, are applied to the 

*Seo A. B, Wood, “Eleciricaliy Maintain-'d TiiiiinR-Forks. Some Factors 
tiaecting Frequency," Journ. Svi. Inurs., I, v. .Jof), 1924. 



FORCED VIBRATIONS. RESONANCE 


37 


vibrating system. Such vibrations, as we have seen, diminish in 
amplitude in accordance with certain simple laws, and ultirnalely 
die away. 

We now come to consider the very important case where a mass 
is maintained in a state of vibration by a pericclic force which 
may or may not have the same period as the free vibration. As 
we shall see, the mass in such a case will ultimately vibrate with 
the same period as that of the force, its vibrations being designated 
forced vibmtions. In the special case where the period of the free 
vibrations coincides with the period of the force we have tlie 
phenomenon of lesonance. 

Let the external periodic-, force be rcjjrescnted by F cos pt, 
where F is the maximum value of the force of frequency P/2t. 
then the e<piation of motion of a particle of mass rn is given by 


(T-x dx 

rn 4-r - cos pi 

dt 'dt ^ 


( 1 ) 


If we write s/tn and r/2w—A' as hetore, and F/m=/, equation 
( 1) becomes 

^-^2 -^ 1 — -}-n^x~f cos pt . . . (2) 


Assume x-~a cos (pt —c) and writing cos pt—cos /€+(/><—c) } 
we obtain on substitution in (2) 


a(w® p'^) cos (pt - 1 ) - QiJepn sin (pt - e) “/ cos « . c is Ipf - c) 

—/sin c sin fp< - €) . (3) 

Now equation (3) must hold for all values of t, consequently we 
may equate coefficients of sin {pt —e) and of cos {pt —c) and 
obtain 


a(»i®-p®)—/cos e and 2fcpa=*/8in t . (ia) 

whence a”fa\otf2kp. tan e-2A:p/(»® “p®)l 

and 8m€-2jkp/U®-p»)2+4kVH > ’ ’ 

Replacing n and k by their appropriate values of m, r, and s, we 
fini since cos (pt—e), that 


Fco8(pf-e) 

* plr* + (»np-“a/p)*li ’ ’ • 

This equation represents the forced vibration, i.e. the displacement 
X maintained by the external force. The instantaneous velocity 
of the particle is obtained by differentiating x in (5), thus 
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dx - F sin {p t - c) 

dt'^ \r* + 


or 


dt 



OOB 




( 6 ) 


where Z,„ is described as the mechanical impedance of the system 
expressed by 


Zm - {r® + (mp - . . . (6a) 


and e is the phase lag with respect to the impressed force, 


tan c 


‘m 


{mp - sip) 
being the mechanical reactance. 


r 


( 66 ) 


Xn»-(>ftp-«/p) . (6c) 

From equations (5) and (6) we see that the displacement>amplitude 
a=F/pZ „ and the velocity-amplitude F/Z„ are proportional to 
the magnitude of the force F. The period of oscillation is the 
same as that of the force. Reference is made later, p. 69 et seq., 
to the similaiity of equations (5) and (6) to corresponding 
electrical relations. 


Equation (5) does not represent the complete solution of the 
fundamental equation (2). We may add any value of x which 
makes the expression on the left of equation (2) vanish. Such 
values of x have been obtained {e.g. see equation (S), p. 34), in the 
case of ‘free’ oscillations subject to a damping force. Hence, in 
the case of n>A, the complete solution is 


X 


a COB {nt + €*) + 


E* COB {pt ~ e ) 
pZm 


(7) 


the two terms on the right of this equation representing respectively 
the initial ‘free’ damped oscillation and the subsequent forced 
oscillation. On account of the exponential damping factor the 
free oscillations gradually die out and, after a time, only the 
effects of the forced vibration are appreciable.* The same 
conclusion holds also in the cases when n—k or n<ik. 


Amplitude of Forced Vibrations—In the steady state of 
forced oscillations, equations (5) and (6) represent the motion 
produced by the external force. The displacement and velocity 
amplitudes of the forced vibration are given by 


•Ttnax “ A 



( 8 ) 


♦ See L. W. Blau, Joum. Frank, Inst., 206, p. 355, S^t. 1928. 
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Wiien there is no friction r=0 and Zm=Xmi « 



When mp~sfp (*.e. when p^—sjm—r^')^ the mechanical reactance 


vanishes and 


a:maV*A“- and 

pr 


/dx\ 
\dt A. 


These equations are of fundamental importance. Equation (8) 
may alternatively be expressed in the form 


A — F/fn|(»‘^ -* p®)* + 4A:^p^ii . (8o) 

since n^—s/m and k—rJ2m in the expression for Z„. 

The amplitude A is a maximum when the expression in 
brackets in equation {8c) is a minimum as regards variation of 
the forced frequency. Differentiating this expression with respect 
to p and equating to zero we find for the minimum condition 
p^—n^—provided n^'>2k-. Substituting this value of p^ in 
equation (8c) we obtain, when k is small compared with n, 

Ai„,»s- *= Ff2mhn ■ . • (9) 

In the case where there is no damping (A:—rO) and the free frequency 
is the same as the forced 
frequency {n~p), it 
will be seen that the ^ 

amplitude A becomes 
infinite. Such a case, 2 

however, never occius 
in practice, for the * 

damping k is never * ’ 

zero. For small values ■§ 
of damping {n^>2k^), 5, 

the forced amplitude is ^ 

greatest when the forced 
frequency coixicides 0 

with that of the free 
vibration in the absence 
of damping. This con- 0 &n n rsn 20 2 sjf 

dition is known as re- requmey p —*■ 

sonance. Frequency am- >7 

plitude curves for varying degrees of damping are showm in fig. 17. 

Phase of Forced Vibrations —In general, the force and the 
resultant forced vibration will not be in phase. Equation (5) 
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indicates a lag « between the displacement and the force, the 
magnitude of this lag being determined by equations (4) and (6). 
From (4) we see that sin c is always positive, whilst cos c may be 
positive or negative according as n is greater or less than p. The 
angle e therefore lies between 0 and ir/2 when the frequency {p) 
of the force is less than the frequency (w) of the ‘free’ vibration, 
and between tt/'l and v when the forced frequency is greater than 
the free frequency. The lag € (given by equation (6)) will, in 
general, if Uie damping he smalls be nearly equal to 0 or tt in these 
cases, i.e. the displacement will be in phase or out of phase with the 
force acc(?rding as the frequency of the force ii less or greater than 
the frequency of the free vibration. As resonance is approached, 
however, the effect of even slight damping becomes more notice¬ 
able, and the phase lag e approaches ir/2 at resonance in a manner 
determined by equation (6). At exact resonance when tan « 
becomes infinite, c=:ir/2, he. the force and displacement are in 
quadrature (that is, differing 90^ in phase), whilst the force and 
velocity are in phase. 

When there is no damping, A:=:0, sin e=0j €=0 or tt, and the 
displacement x is expressed by equation (5^1). Thus when 

p is less than n the dis¬ 
placement X is always in 
phase with the force, 
when p is greater than n 
the displacement reverses 
in sign and is in opposite 
phase to the force. As 
the frequency of the force 
passes through resonance, 
the phase suddenly re¬ 
verses from 0 to rr. This 
change of phase is more 
gradual when there is 
friction—in fact, use may be made of the abruptness of this phase 
change to measure the sharpness of resonance and the degree of 
damping present in a vibrating system—the more abrupt the 
change the smaller the damping and the sharper the resonance. 
In fig. 18 a series of curves is drawn, to an arbitrary scale, in¬ 
dicating the general nature of the variation of phase lag' e as the 
frequency of the forced vibration {p) passes through the resonance 
frequency (n), each curve of the series corresponding to a particular 
value of k the damping factor. All the phase curves pass through 
«=:jr/2 when ^=:n. 
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The relationships of phase between the applied periodic force 
and the motion can be illustrated by means of simple pendulums 
under the action of a periodic driving force. This driving force 
may, for example, be supplied by a massive ‘compound’ pendulum 
C which carries at convenient positions the supports of two 
‘simple’ pendulums A and B whose frequencies are respectively 
higher and lower than the frequency of G, When the large 
pendulum C is set swinging it will be found that the motions of 
A and B are at first irregular (see equation (7) and subsequent 
remarks, p. 38), giving the appearance of ‘beats,’ but at a later 
stage the simple pendulums will swing regidarly, the short one 
‘A’ being in phase with C, and the long one ‘B’ being in opposi¬ 
tion, or out of phase with C. The critical case of resonance may 
also be studied in this w^ay, the simple and compound pendulums 
being then in quadrature (c— ± 90®). Resonance phenomena at 
higher frequencies (20 to 1000) may be very strikingly demon¬ 
strated by means of a frequency indicator of the reed type (see 
fig. 19). If such an indicator is supplied with alternating, or 


/ 


Fic. 19 —Instantaneous appearance of Reeds of Frequency Meter 
(viewed stroboscopically) 


interrupted, current of suitable frequency one of the graduated 
series of reeds will usually be found to vibrate vigorously, whilst 
those on either side of it are only moving slightly. If the reeds 
are viewed stroboscopically either by intermittent i; lamination or 
by intermittent viewing (by means of a moving-slit stroboscope 
or a glimpse-apparatus such as the Ashdown ‘Rotoscope’), the 
vibrations may be seen in ‘slow-motion.’ It will then be noticed 
that the reeds on opposite sides of the resonant reed are in exactly 
opposite phase, whilst the phase of the resonant reed is intermediate 
—as indicated in fig. 19. 

Energy Considerations^ Power Dissipation—An importrint 
question relating to the maintenance of forced vibrations is that 
of power or rate of supply of energy. This question is closely 
connected with that of the phase relationships which we have just 
considered. Now mechanical power, or the rate of doing work, 
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is the product of force and velocity. The force is F cos pU and 
the velocity is given by equation (6). Thus the instantaneous 
power supplied to maintain the oscillations is 


p3 

COS 


Zm 
_P* 
2Zm 


{ 


\ cos 


^ pi - € + cos pt 


+ COB 


(I-')} 


( 10 ) 


The average value of the first bracketed term is zero, consequently 
the mean power supplied is 

^-£•“"( 3 -*) • • • 

The power is zero when e=0 or v. For moderate values of the 
damping constant k this occurs when p the frequency of the force 
is either very small or very large compared with n the frequency 
of the free vibration. At resonance, however, when v=.itllL, that 
is the displacement is in quadrature and the velocity in phase with 
the force, the mean power supplied by the force is a maximum, 

1 F® 

W:na*=-^-- .... (12) 

r 2 r 

a quantity increasing as the damping decreases. This result may 
be detained more directly from the equation of motion (equations 
(1) and (2), p. 37). Regarding this as analogous to the electrical 
case (see p. 69 et seq.), at resonance the effects of inductance and 
capacity neutralise (reactance zero), and che force is expended 
in overcoming friction (corresponding to resistance) only, thus 


equation (l) becomes dx 


dt 


P cos pt 


and Instantaneous Power 


nr o . P* 
Wtngt • F COS pi- 37 - — 
at t 


008 pt 


The mean value of cos® pt over a cycle is 1/2, therefore 


1 P" 

Mean Power W — r- 

2 r 


as before. 


In ffiis expression for the power, F is the maximum value erf the 
driving force. If we follow the electrical analogue &nd use the 
root mean square (R.M.S.) value F of the force, then 
F® is equivalent to F® cos® pt 


and 


Mean Power W 


p2 
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Sharpness of Resonance— As we have already seen, when the 
‘forced’ and ‘free’ frequencies are equal, it is only the presence 
of damping which prevents the amplitude of the vibration from 
becoming infinite. The damping becomes relatively more and 
more powerful in its influence as resonance is approached. At 
resonance the amplitude and power dissipation reach their maxi¬ 
mum values. On account of tlie very frequent occurrence of 
resonance phenomena in sound it is important to consider how 
these cpiantities vary with frequency in the neighbourhood of 
resonance. 

The amplitude A under any specified conditions of k, p, and n 
may be obtained from equation (8), or combining this equation 
with (9) A may be expressed as a ratio of A^axt the maximum 
amplitude (at resonance n—p). Thus 


A ‘2kn ( n . \ 

A — "{/a '2\2.Arr'iri or^- smel . (13) 

Amax \{n‘‘- + ik'p-i* \ p / 

Similarly, the power W dissipated under the specified conditions 
is given by (11); combining this with (12), giving maximum 
power dissipation, we obtain 


W 

Wrna* 


= ain^ e 


(14) 


Substituting the value of sin « obtained earlier, we find 


W 

W ||\HX 


(n* -+ 4k'^p ^ 


(io) 


a relation indicating how the power required to maintain vibra¬ 
tions against frictional and radiation losses varies in the neigh¬ 
bourhood of resonance. It will be seen from thi; relation that 
the energy dissipated at a certain frequency {p/2v) near res<inance 
is half that dissipated at resonance (i.c. W/W,naK ~h) when 
(n^— p^)^~Ak“p^. That is when 


~-=l±— (approsimatcly) . . (16) 

n n 

Thus the energy-dissipation at resonance falls to half value when 
the forced frequency departs from the natural or free frequency by 
the fraction k/n. This indicates that the smaller the damping and 
the greater the natural frequency, the more rapidly will the dis¬ 
sipation fall off on either side of resonance—that is, the sharper 
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will be the resonance. The ratio k/n is therefore a measure of the 
sharpness of resonance. 

'i’ypical ‘resonance curves’ arc shown in fig, 17- These 
cunes indicate a diminishing ‘sharpness’ as k increases. This 
impciitant principle has many striking and important applications 
in sound. When a vibrating system is only lightly damped, very 
careful tuning is required to attain the resonance condition of maxi¬ 
mum amplitude and power dissipation. In frequency standard¬ 
isation very sharp tuning, and consequently minimum damping, 
is desirable in order to obtain an accurate determination of the 
peak of the resonance-curve. In other circumstances resonance 
is undesirable, c.^. in the faithful recording or rcjmoduction of 
sounds extending over a range of frequencies, it is desirable to 
select 'n' far removed from any possible values of ‘p,’ or alter¬ 
natively to employ a system whith is very heavily damped {k very 
large)—in both cases the svstem is relatively insensitive. 

A well-balanced tuning-fork is a good example of .sharp tuning 
when it may be excited through the medium of the surrounding 
air by the vibrations of a second fork adjusted to the same fre¬ 
quency. When the two forks are closely in tune there will be a 
very marked response, othcrwi.se there is relatively little effect. 
Even sharper tuning is required in the case of ccrtaiji tjuart/ 
resonators and oscillators (.see p. 148) which hare extremely little 
dampiiig. The damping constant k of a vibrating system may 
be conveniently determined by measinijig the rate of decay of its 
free oscillations (see p. 35) or from a lesonance curve. 

Perhaps one of the simplest and most instructive experiments 
to illustrate the effect of damping on resonance is that in which a 
massive compound pendulum drives two simple pendulums of 
the same period as the large pendulum. One of the simple 
pendulums has a bob of pith, the other of lead. The former is 
heavily damped by air friction, whereas the latter is not seriously 
affected (for the damping constant k—r/2m, see p. 34). Conse¬ 
quently the amplitude of the pith pendulum at resonance is small 
compared with that of the lead pendulum. On account of the 
large damping the light pith pendulum loses during each swing 
nearly all the energy given to it by the large pendulum, very little 
energy is stored and the amplitude remains small. 

Coupled Sy8tem». Reaction —As in the case of coupled 
electrical circuits, two mechanical vibrating systems react on one 
another when connected by some form of mechanical ‘link.’ When 
mechanical power is supplied to a vibrating system B frewn a 
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system ‘A’ a condition may arise, and this is especially so at 
resonance, when the drainage of energy is so great that the system 
A can no longer maintain its maximum amplitude. The inter¬ 
change of energy between the two systems also involves a change 
of natural frequency, for the primary system A is now loaded by 
the system B, The general features of mechanical coupling 
between two such systems may be simply demonstrated by means 
of apparatus described by T. R. Lyle* in a paper “On the 
Mechanical Analogy to the Coupled Circuits used in Wireless 
Telegraphy.” A horizontal beam of mass M, free to move on 
the direction of its length, carries two simple pendulums, of 
lengths Ixlz and masses Wi7?Z2 respectively, vibrating in a vertical 
plane through the axis of the beam. The surging of energy 
backwards and forwards is very well illustrated by the model. 
If one pendulum is started swinging it will be seen that the second 
pendulum begins to swing with increasing amplitude, while the 
amplitude of the first at the same lime diminishes. This goes 
on to a certain point \vhen the reverse takes place, and the transfer 
of energy forwards and backwrrrds many times may be observed, 
'fhe effect is very striking when the two pendulums have equal 
or nearly equal periods. The ‘coefficient of coupling’ is shown 


IM 


:-in the electrical 

Lil.a 


to be \|--analogous to 

ease where Li and L 2 are the self-inductances and the mutual 
inductaiue of the coupled circuits. The mechanical coupling 
of the pendulums obviously diminishes as M the mass of the 
connecting beam increases. As in the electrical case, the coupled 
system has two natural frequencies. 

vibrations of any mechanical system are communicated to 
a greater or less degree to other systems in contact with it. In 
certain cases such an effect may have important consequences, c.g. 
the frequency of an accurate electrically maintained tuning-fork 
may be seriously affected by the manner in which the fork is 
sup])i:rtrcl.t 


Relaxation OscillafionsJ 


The type of vibration represented by equation (1), p. 34, or 
by equation (2), p. 37, is the most common fonn of periodic 

* T. R. Lyle, Phil. Mag., 25, pp. .'■>67-592, April 1913. E. II. Barton 
ami 11. M. Browning, Phil. Mug.. 44, pp. 57.3---576, Sepi. 1922. See also 
C. IT. Lees. Phil. Mag., 48, p. 129. 1924. 

tA. B. Wood. Joum. S<l. Insirs., 1, p. 330, Aug. 1924. 

} Sec B. van der Pol, Phil. Mag., 2, p. 978, Nov. 1926, and p. 763. 
Nov, 1928. 
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oscillation. The periodic time of free vibration is dependent solely 
on the ratio of the inertia and elastic facton, whilst the resistance 
factor controls only the i-esultant amplitude. Another type of 
vibration which is of fairly common occurrence has, however, very 
different characteristics. Thus, in equation (1), p. 34, if the sign 
of the resistance coefficient r be negative^ we have 

It - --- X + --X =» 0 . • . (1) 

w m 

the solution of which, writing 

and 

m in 

is 

cos (n'i + ... (2) 

cf. with equation (8), p. 34. In this case the amplitude, instead 
of dying away, increases to infinity. Such a condition is physically 
impossible, of course, but equation (1) may be applicable for 
values of x up to a certain limit. Thus w'e may rewrite equa¬ 
tion (1) as follows : 

X— 2k{\ - x^)x + n‘x~0 . . . (3) 

representing an oscillatory system in which the resistance is a 
function of the displacement. When A: is a positive quantity 
the system has a resistance which, for a small amplitude, is 
negative. Therefore the position x=0 is unstable. When, 
further, 

k->>n^ .... (4) 

it is obvious that as long as x*<<l the variable x will initially 
leave the value x=0 aperiodically, but when later x®>l the resis¬ 
tance has changed sign arxd has become positive, x will tend to 
return towards the zero value. It may be shown* that the periodic 
time T of a vibration typified by equation (3) is 

Q Ig ,Y 

T-r6l^orr61~ ... (5) 

The fundamental period of the vibration is, apart from the 
numerical constant, defined by a quantity involving the resistance 
and elastic factors only. B. van der Pol describes such oscillations 
as ‘relaxation c»cillations.‘ They differ very markedly from the 
sinusoidal oscillations of a mass controlled by a spring, for the 
resistance may now be negative (as iri analogous electrical cases), 

* Loc. cit. 
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increasing to a positive value as the displacement increases. The 
displacements take place iji sudden jumps wliich recur periodically. 
As examples of relaxation oscillationsj van der Pol mentions: the 
aEolian harp, the pneu¬ 
matic hammer, the 
scratching noise on a 
plate, the waving of a flag 
in the wind, the squeak¬ 
ing of a door, the 
Wehnelt interrupter, the 
intermittent discharge of 
a condenser through a 
neon tube, etc. In all 
these examples the fre¬ 
quency is not dependent 
on the customary ratio of elasticity and mass, but is controlled 
by some form of resistance which, on reaching a certain critical 
value, suddenly relaxes, builds up again, relaxes, and so on. The 
properties of relaxation oscillations arc: 

(1) Their time period is determined by a time constant, or 

relaxation time, dependent on resistance and elastic forces only. 

« 

(2) Their wave-form is far from simple harmonic. Very steep 
parts occur on ‘relaxation’ of the resistance, and as a consequence 
many hannonics of large amplitude are present. 

(3) A small impressed pericxlic force can easily bring tlie relaxa¬ 
tion system into step with it (automatic synchronisation), whilst 
under these circumstances the amplitude is hardly influenced at all. 

If equation (3) is regarded as an electrical oscillation, 2A:=:R/L, 
n^=:l/LG, and consequently T~ 1*6 IRC. The fundamental 
period of the relaxation oscillation is therefore dependent on the 
product of resistance R and capacity G. An example of this may 
be found in the Anson-Pearson* neon lamp intermittent ‘flashing’ 
circuit, in which a neon tube and a condenser in parallel are 
connected in series with a high resistance and source of current. 
Gopies of cathode ray oscillograph records of a Wehnelt inter¬ 
rupter and of a flashing neon lamp are shown in fig. 20. 

VIBRATIONS IN AN EXTENDED MEDIUM 
WAVE-MOTION 

In the foregoing treatment consideration has been gi\'en mainly 
to the vibrations of a particle either ‘free’ or acted upon by 

• Phys. Soc. Proc., 34, p, 204, 1922. 



Mean Lamp flashing intermittently (250Cpp.s I 



Wehne't Interrupter (1000p p $ ) 

Fig. 20 
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external periodic forces and friction. This treatment finds 
particular application in the study of sound production and 
reception. It is important no\v to consider what takes place in 
an extended medium (solid, liquid, or gas), which may contain 
sound sources and receivers. As we have seen, the vibrating body 
and the medium .surrounding it may be regarded as a single 
compound vibrating system since the medium reacts on the body 
and therefore influences its motion. It is often more convenient, 
however, to separate the two motions and to regard the vibration 
of the medium to be forced by the actual vibrations of the body. 
A brief reference has already been made to longitudinal wave 
motion. In this type of motion the vibratory displacements of 
the particles of the medium take place along the same line as the 
direction of propagation of the wave. It should be noted at the 
outset that the ‘particles’ to which we refer are not necessarily 
individual molecules, but may be small volumes or thin layers 
of the medium. The vibratory motions transmitted by the 
medium are therefore superposed on the irregular motion of the 
molecules. Sound waves are the inevitable result when a vibrating 
body is immersed in an clastic medium. We are therefore con¬ 
cerned with the physical properties (density, elasticity, viscosity, 
etc.) of the medium when considering the mechanism of wave 
transmission. 

The problem in its simplest form, viz. that oi transmission of 
‘plane’ (or non-spreading) waves, is closely analogous to that of 
transmission of longitudinal waves in a long helical spring. If 
one end of such a spring, suitably suspended, is subjected to a 
single to-and-fro displacement alternate w'aves of compression and 
tension w'ill be propagated along it, the velocity of transmission 
depending on the relative stifl'ness and inertia of the spring. If 
any particular point of the spring is observed during the passage 
of the wave it will be seen to perform a vibration similar to that 
imposed at the free end. In tlie case of a very long spring ^\'e 
can visualise the effect of a simple harmonic displacement of the 
end. As before, the velocity of transmission of the wave will 
depend on the inertia and stiffness of the spring, and the motion 
of any point will be simple harmonic like the forced motion of the 
free end. Taking an ‘instantaneous view’ of the spring as a whole 
when a number of such waves have been started along it, we should 
sec a series of alternate compressions and extensions of the spring, 
the maxima of compression, or extension, being separated by 
equal intervals. It requires no proof here to show that the length 
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of these intervals is equal to the velocity c of wave propagation 
divided by the number of vibrations of the end of the spring per 
second (the frequency N). We shall refer to these equal intervals 
between successive maxima, and successive minima, as the wave- 
length X. Consequently we may write NX—c. 

Similarly, in the case of transmission of simple hannonic waves 
through an extended elastic medium the linear density of the 
particles, or their state of condensation or rarefaction (compression 
or expansion), is at any instant represented by a simple harmonic 
curve, which repeats itself at regular intervals of a wave-length, 
this wave-length being the ratio of the velocity of w'ave trans¬ 
mission to the frequency of the impressed vibration. 

Plane Waves 

Supjjose a progressive wave of simple hannonic type to pro¬ 
ceed in a positive direction along the axis of x. * Then he dis¬ 
placement ^ at any time t of a point whose mean position is x 
will be given by 

|=:=:a sin 27r ^ . . . (1) 

or 

^=za sin 27r(Nf—.v/X) . . (2) 

where a is the amplitude, T and N the period and frequency, 
and X the wave-length of the vibration. Writing c=N X = X/T 
we obtain otlier fonns of equation (1), viz. 

2 rr 

^•z=a sin—^- {ct —x) . . . (3) 

and 

sin n(t— x/c) . . (4) 

where n has the usual significance and is equal to 2rrN. These 
forms of expression for the particle displacement | in a progressive 
plane wave will be found convenient for most purposes. Such a 
system of waves could, of course, be represented by a displace¬ 
ment curve similar to that of fig. 2, where the ordinates represent 
‘I’ and the abscissa Consideration of the above expressions 
shows that, in the case of progressive waves, phases may be 
expressed in terms of fractions of a wave-length—one wave-length 
X corresponding to a phase ■angle of 2v. Thus the difference of 

*We assume in what follows, that the effects of viscosity and other 
attenuation factors in the medium are negligible. 

4 
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phase between the vibration of two particles at distances .vi and xz 
from the origin is 2v{x2 —Jci) /X- It will be evident that a system 
of waves travelling in the negative direction of x will be represented 
by the introduction of a positive instead of a negative sign inside 
the brackets in equations (1) to (4). 

Particle-Velocity—Differentiating equation (4), which gives 
the displacement of a particle in the path of the wave, we obtain 
the particle-velocity 

d^/dt—na cos n{t—x/c) ... (5) 


which may be written 
dt 


C — 

dx 


( 6 ) 


giving the particle-velocity in terms of the wave-velocity and the 
slope of the displacement curve. 

Acceleration of Particles in progressive waves. Differentiating 
(5) we obtain 

(F^/dt^= — n^a sin n{t—x/c) . . (7) 


or 


dt^ ^ dx^ 


( 8 ) 


».e. the acceferation is approximately equal to the product of the 
square of the wave-velocity and the curvature of the displacement 
curve. Equation (8) is the differential equation which character¬ 
ises a wave-motion. Its complete solution is 


— x) +F(c^-j-^) • • • (9) 

which represents two independent systems of waves travelling in 
opposite directions with the same velocity c. This velocity is, 
within the limits of the approximate equation (8), entirely inde¬ 
pendent of the form of the wave. For example, in the case of the 
simple form of wave represented by equation (3), viz. 

|=a sin ~ {ct — x). 


the velocity c is the same whatever the wave-length X may be. 
Within certain limits, set by equation (8), the velocity c is also 
independent of the amplitude a. 

In other wordSy the velocity of wave transmission is independent 
of the frequency or amplitude (provided this is small), and is deter¬ 
mined solely by the physical properties of the medium. * 
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Velocity of Wave Transmission —The physical properties of 
the medium which influence the velocity are density and elasticity, 
corresponding to the mass and stifTness factors in the case of the 
vibrations of a particle previously considered. As the wave of 
compression and rarefaction passes through the medium the 
volume and density fluctuate locally about the normal values. 
The magnitude of these fluctuations is controlled by the properties 
of the medium and the applied forces. The following definitions* 
are important in this connection;— 

(1) Dilatation (A) is the ratio of tlie increment of volume Bv 
to the original volume i;oj thus 

A=^v/'Uo v=Vo(l a) . . (10) 

(2) Condensation (s) is the ratio of the increment of density Bp 
to the original density po, thus 

s=*Sp/Po ‘tnd P^Pofl+s) . . (ll) 

Since 

Pv—PqVo', (1+5)(1 + a)“1 . . (12) 

and — A if we neglect sA as a small second order quantity. 

(3) Volume or ‘cubic* elasticity (/f)—sometimes known as the 
bulk modulus of elasticity, 


__ _ 

^ —Svlvo s 

where Sp is the stress and Sv the corresponding strain, 
we have, for small variations of s. 


(13) 

Whence 


+ . . . (14) 

(4) Compressibility (C) is the reciprocal of the bulk modulus k 
Thus 


C«andC'®—- . . . (15) 

Vo Sp k 

Consider the case of plane waves travelling along the axis of jc, 
the displacement of a point whose mean position is x being ^ at 
any time t. The displacements of planes normally at x and 

(a? + Sx) will be | and 11 Sx 1. The thickness of the layer 

bounded by the planes x and (x-f-^x) is therefore changed from 


* Lamb’s notation is adopted as being most suitable. 
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Sx to (l+£? ^/dx) 8xj consequently the dilatation A=d^/dXi and 
the condensation 


s 


p-pQ 

PQ 



1 + 


dxl 


from (11) and (12). 

[For small displacements we may write s~—d^/dx —— A-] 

The mass of unit area of the layer is PqS x . If the excess pressure 
on the (xH-Sa:) face is 8p, we may equate this force to the product 
of the acceleration drdir and the massp^Sjc of the layer. That is, 

Po^xd'^^ldt'^ ‘=‘ -8p 
or 




1 dp 
Pq ' dx 

Now we have dprz i^s* from (13) and s=z 

K d-k 


dt^ 


dx~ 


~d^(dx, consequently 
( 16 ) 


or writing 

equation (16) becomes 


c* -J kIp 

dt'^ dx- 


(17) 

(18) 


which is identical with equation (8) obtained above. The com¬ 
plete solution is given in equation (9), which represents two 
irriependent w'ave-syslerns travelling in opposite directions with 
velocity c. As equations (16) and (17) indicate, the velocity of the 
wave is determined solely by the elasticity and density of the medium 
through which it is passing. 

The treatment just given applies to all cases of transmission 
of small amplitude plane waves, in solid, liquid, or gaseous media, 
provided the appropriate modulus of elasticity is applied. The 
same method of treatment also applies to the case of longitudinal 
waves in solid rods—this will be dealt with in a later section. In 
the case of a rod, the elasticity factor is Young’s modulus, whereas 
in the case of plane waves in an extended solid, when lateral 
displacements are impossible, it is necessary to use the longitu¬ 
dinal elasticity (K+|/i) where is the bulk modulus and u the 
rigidity. In gases, and fluids in general, the elasticity is the 


♦ This applies to sn unlimited fluid medium. For a solid in bulk 
k must be replaced by ju) (where ** is ^the rigidity of the solid) 
because a solid changes in shape as well as in volume. 
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ordinary bulk modulus, except in certain cases where the volume 
of the medium is limited. 

Energy of Plane Waves of Sound —^The rate of transfer of 
energy per unit area of cross-section of the wave may be regarded 
as a physical measure of the intensity* of the sound transmitted. 
In the first place, we shall determine the kinetic energy of the 
wave-system per unit area of the plane parallel to the wave-front. 
Considering the simple harmonic wave expressed by equations 
(1) and (4), viz. 

<2 sin n{t-~x/c), 

we obtain the particle-velocity by differentiation with respect to 
time, 

(i^/dt~an cos n(f— x/c). 

Now the mass of unit arcev of a layer of thickness is PqSx. 
Consequently, the kinetic energy SE of the layer is given by 

and the kinetic cnerg)' of the whole wave-system is 


E “ IPQO^n^JcoB^nit - xfo)dx 

** lPoa^w®^fl + oos 2»(i - £c/c)}<ia; | 


(19) 


The mean value of the ‘cos’ term under the integral is zero. Hence 
the average kinetic energy per unit area and unit length (i.e. per 
unit volume) of the wave is equal to 

.... ( 20 ) 

The potential energy of the layer of unit area and thickness 
Bx is 

which is the same as the kinetic energy gE. 

Therefore, considering average values, 

Total energy of the wave-motion per unit volume:=z\pQtt^r^ . (21) 

This quantity is the total energy contained in unit length of 
the wave per unit area of wave-front, and may therefore be 

♦This must not be confused with 'loudness.' 
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conveniently called energy density. We require to know also the 
rate of flow of energy through the medium. This is at once obtained 
when we notice that the wave travels a distance c per second. 
Consequently the flow of energy per unit time per unit area of 
wave-front, or 


Transmission of energy per second per unit area 
of wave-front 



( 22 ) 


This may be regarded as the intensity of the sound wave. It is 
directly proportional to the density of the medium and the wave- 
velocity, and to the square of the amplitude and frequency of the 
vibration. The relation thus obtained for the intensity (or rate 
of energy flow) is of fundamental importance. As we have just 
shown, the intensity is equal to the product of energy density (i.e. 
energy per unit volume of wave) and wave-velocity. 

By differentiation of the equation of wave-motion we obtain 
the maximum particle-velocity {d^/dt) equal to an, and the 
maximum condensation equal to (— d^/dx) ,„nx. or 

an Cmax 

C _ ssa -- 


indicating that the maximum condensation is equal to the maximum 
particle-velocity divided by the wave-velocity. Substituting this 
relation in (22) we obtain an expression for the energy flow, or 
intensity, in terms of particle-velocity and wa' e-velocity, viz. 

Energy flow “ (23) 

Now 

c^^kIp (see (17)^ 
and 

Sp ma.x -KSmnx (see (13)). 

Therefore the energy flow or intensity is, from (23), 

_ 1 ... (24) 

an expression giving the intensity of the sound wave in terms of 
the maximum pressure-variation in the path of the wave. 

Power of a Source emitting Plane Waves. Radiation 
Resistance —^Tlw energy thus present in the sound wave must be 
derived primarily from the vibrating source. The rate at which the 
source does work, i.e. the power of the source in producing sound 
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waves, is equal to the product of pressure-variation and particle- 
velocity, i.e. to hp'Kd^/dt per unit area of wave-front. Now 


Sp * 


c (It ’ 


since c*= V k/p we have 

-JKP Ad^ldt) or Pc| . • (25) 

Hence the instantaneous power expended by the source per unit 
area of wave-front 


or . (26) 

The mean power radiated per unit area of wave-front is therefore 
given by 

‘W KP • or Apcl-^ “open-a^ • (27) 

It will be seen tiiat the relations (25), (26), and (27) are closely 

analogous to tlic electrical expressions connecting voltage, resist¬ 
ance, and current, if we regaixl fipj (or pc), and (d^/dt) as 

corresponding to these electrical quantities respectively. Thus 
equation (25) is the mechanical analogue of Ohm*s laiVj and 
equations (26) and (27) represent the law of power dissipation in 
a circuit of resistance \/a:p (or pc). The quantity Va'P, or pc, 
is therefore generally described as the radiation resistance (or 

impedance) of the medium ^vhich transmits the sound waves. It 
is a fundamental characteristic of the medium, to which frequent 
reference is made. Equation (27) indicates that the mean power 
radiated by a source of plane waves of area S (large compared 
withX^) and uniform amplitude 

Mean Power =■ 2 .pc.n‘'^a“*S — ^.Pc.8.|‘'* . 28) 

mR* 

Taking the case of a circular disc or piston source (see p. 155) of 
radius r, frequency N, and uniform amplitude a, 

(Mean Power radiated) =:2ir^r^pcN^a? etgs/sec. 

Example —A disc 2 cm radius r, vibrates in water ( p=l, 
c=l*5XlO® cm/sec.) with a frequency N—10®. p.p.s. The 
power radiated=37XlO^®<®* eigs/sec. or 37X10'^ watts. If the 
amplitude of vibration is lO""® cm, then the power radiated is 
370 watts. It is important to notice that the wave-length of the 
sound in this case is small (X=l*5Xl0®/10®=r5 cm) compared 
with the radius of the disc. Otherwise the waves would cease to 
be plane and the calculation would have no meaning. 
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Spherical Waves 

The results derived above for the energy in plane waves hold 
equally well for spherical waves at a sufficient distance from the 
source. The general case of spherical waves at any distance from 
the source requires furdier consideration. We have now to deal 
with a sound wave which is progressively increasing (or decreasing) 
in diameter. The amplitude of the particles of the mediuii] 
through which the wave passes is tlierefore dependent on the 
distance from tlie source of the waves. Elementary considerations 
at once indicate that the energy density in the wave will vary 
inversely as the square of the distance from a point source of 
spherical waves, whence it may be inferred that the amplitude 
(of displacement, pressure, or condensation) will vary inversely as 
the distance. As in tlie case of plane waves we shall assume that 
the displacement is always small at all parts of the wave, and that 
there is no loss of energy, due to viscous, thermal, or other causes. 
In order to deduce the fundamental equation for spherical wave- 
motion it is necessary first of ail to refer to the equation of coti- 
tinuity and the equations of motion. 

The Equation of Continuity—In effect, this equation is 
merely a mathematical statement of an otherwise obvious fact 
that matter is neither created nor destroyed in the interior of the 
medium. Consider an elementary volume SxSyS^ of the medium. 
Then, in any small time interval the difference in the quantity 
of matter entering and leaving through its faces must be equal 
to the change in the quantity of matter inside the small volume 
during tliis time. Let u, v, and w denote the velocity components 
of the particle whose co-ordinates are jr, y, and z at the instant t. 
Then the quantity of matter entering the face in the yz plane is 
t»8y . , pSt. Again, the quantity passing out at the opposite 

face of the elementary volume will be 


\u • P + 


up 



Thus the excess passing out of the small volume by the two faces is 


9 « UP 


. 8jf, Sz . Sf. 


Similar expressions are obtained for the other faces. Consequently 
the total mass lost in the lime St is 


I B(uP) 
\ dx 
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Now the mass lost is also equal to 




Equating these two expressions we liave 


dp d{up) d{vp) d(iop) ^ 


( 1 ) 


which is the general form* of the equation of continuity. Since 
P~Po(^4“'y)) dpJdt—pQdsfdt V and for small-amplitude vibrations 
d{pu)/Bx—pQduldx3iipproxima.ie:hr, Equation (1) therefore becomes 


ds du dv dw „ 

si Sx ^Sy'^ Sz ” ° 


( 2 ) 


a form of the equation of continuity more convenient for applica¬ 
tion to the case of small-amplitude vibrations. 

JEquattons of Motion—Referring again to the elementary 
volume dxdydz, the total pressures on the two y: faces ( S.v apart) 
{p ± . dpfdx)dy . S^, giving a resultant force along the 

•^c-axis of — {dp/dx]8x ■ Sy . Now tlie mass in question is 
pSxdpSz and its acceleration dufdt. Consequently we have 


and similarly 


du dn 

% " - Sx- 




j dtu 

.naPj- = 





(3) 


But Sp^Ks (see equation (13), p. 51), and -k/Po* therefore 


du 

dt' 


ods 

dx 


nds . dw 

ar a; 


dx 


(4) 


neglecting variations of pdu/dt, etc., and regardiv g to a 

sufficient degree of accuracy for small oscillations. Equations (4) 
are fundamental when dealing with the propagation of sound 
waves through an elastic medium. 

General Equation —We have now to combine the equation of 
continuity (2) with the equations of motion (4). Dilferentiating 
(2) with respect to t we obtain 


—? f d ^w \ 

dt^ \dxdt^ dydt^ dzdti 


• See Rayleigh, Theory of Sound, 2, p. 3. 
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Differentiating the equations in (4) with respect to x, y, and x 
respectively, and adding, we have 


W-" V dxdt djdtdzdt 

From (5) and (6) we obtain 


or 


dt^ 


A 


32; 


+ 


\dx^ dy^ 


9®a_, 


a^s 






J 


(7) 


which is the general equatior of sound waves in a three-dimen¬ 
sional homogeneous medium. It will readily be seen in the case 
of plane waves travelling in the direction of the axis of x that 
equation (7) reduces to 


a 2 ^^ 

9? ” 


( 8 ) 


which is similar to that previously obtained (equation (18), p. 52). 

Spherical Sound Waves—In order to apply the general 
equation (7) to the case of spherical waves, we must transform to 
polar co-ordinates, writing 

A*=:r sin d cos^, y~r sin B sin^s, z=-r cos 3. 

We now find 




32s I 2 a^ . _ I _ a / ds\ , 1 d^8 

Br'^ r dr sin 0 30 \ dOt r^sin^© 


(9) 


For a symmetrical spherical wave, s will be a function of r aund t 
only, and independent of 0 and ^s. Equation (9) may then be 
simplified 




dr^ ^ r 


cn L 

dr r 


( 10 ) 


Consequently by substitution in (7) the equation of motion 
becomes " 


^^{rs) _ od^(rs) 
d? dr^ 

The general solution of this equation is 

r) -fF {ct+r) . 


( 11 ) 


. ( 12 ) 
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representing independent diverging and conver^ng waves of any 

type, having a common velocity c. This velocity 

of course, identical with the velocity in the case of plane waves. 

Velocity Potential* —It is convenient at this point to introduce 
a new function into our equations. This function^ the velocity- 
potential (ft , was first employed by Lagrange in dealing with 
hydrodynamical problems. The name ‘velocity-potential* was 
given on account of its analogy with electrostatic potential. The 
relation it bears to the particle-velocity at any point, in the medium 
is given by 


M== 


dt^ 

d®’ 




. .(13) 


provided there is no rotational motion. This latter condition is of 
course fulfilled when the particles of the medium are in vibration 
when transmitting sound waves. (The expressions for m, n, w 
in (13) represent components of current if denote electric 
potential, provided the resistivity of the substance be unity.) 
If cquipotential surfaces, ,f, ^constant, are drawn throughout the 
sound-field, then th£ velocity is at any point in the direction in 
which (f, decreases most rapidly and, as in (13), is equal to the 
gradient of 

We require first of all to determine gS in terms of the condensa¬ 
tion s. This may be done by integrating equation (4), thus 


V, 


-> d 

C“-r- I sdt-^Uo and two similar, 
oxj o 


or, if the medium is initially at rest, uo=0, and 

d 

M — - c*-"-- I sdt and two similar 
d®-' o 

Comparing equations (13) and. (14) we obtain 




A 


sdi or 


dt 




(14) 


(16) 


which is the required expression for the velocity-potential in 
terms of the condensation s. The general equation of sound 
waves (7) now becomes 

.(16) 


* See pp. 201-205, Lamb’s Dynamical Theory of Sound. 
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and the equation of modem (11) of the medium for spherical waves 
is now 


df® dr^ 


(17) 


the solution being 

0--/(cf-r)+—.F(d+r) . . . (18) 

r T 

Considering only the divergent wave 


(/> “ -r) .(19) 

r 

and regarding ^ and ^ as the displacement and velocity of a 
particle along the radius r, we have from (15) and (19) 

s/{ct ~ r) . . . (20) 

cr 


where f{ct —r) is the derivative of / with respect to {ct — r). This 
equation indicates that the condensation in a diverging spherical 
wave is inversely proportional to the distance r as it travels 
outwards. The particle-velocity along the radius r is 

I*” -r)4-^2/(ci-r) • • (21) 

As the distance r increases with the spreading of the wave the 
first term on the right of this equation becomes large compared 
with the second terra. In such a case therefore the velocity 
tends to become proportional to 1/r, and the energy density to 1/r^. 

The pressure-variation p at any point distant r from the source 
may be obtained from equation (15), viz. Substituting 

c®=/if//jand s—pli^ in this equation, we find 


dtfi p 
dt"' p 


or 


:P^* 

Dt 


Consequently from (19) and (22) 




( 22 ) 

(23) 


When r is sufficiently great to render the second term of equation 
(21) negligible, then 


P — P6^’^\IkP-^ • *. • (24) 

That is, the pressure is equal to the product of the radiation resistance 
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{pc) and the particle-velocity, when the distance from the source 
is large. This result, which we obtained for plane waves (see 
equation (25), p. 55), is analogous to the electrical relation between 
voltage, resistance, and current. 

The only distinction between plane and spherical waves, when 
r may be regarded as large, is that due to the siireading of the 
spherical wave. Thus we must replace | and p for the plane 
waves by (r^) and {rp) for diverging spherical waves. 

Simple Harmonic Spherical Waves—The equations of motion 
obtained in the foregoing treatment ajjply to all fonns of 
small-arnplitude vibrations. The fonn of particular interest -is, 
of course, the simple harmonic \ibration. In this case we "may 
write equation (19) in the form 

— CCS ; (25) 

r ' c ' 

Then the particle-velocity ^ along the radius is 

The rate of flow of medium, i.e. the flux, through a sphere of 
radius r, will therefore be 

«• sin - ~-|+43rA cos . (27) 

Regarding the source as a very small sphere of radius r© (a point 
source) and having a maximum surface velocity of we may 
imagine tliat fluid (the medium) is introduced or abstracted at a 
certain rate, the ‘strength* of the source being defined as the maxi¬ 
mum rate of volume variation at the source. This fictitious source 
provides the necessary train of sound waves. Then at tlic surface 
of the source we have 

I “ |o cos nt , • . . {28) 

Also from equation (27) ^^■c liave, when r=ro=0 nearly, 

(4a;ri>^)|o cos nt ■“ 4n:A cos ni . . (29) 

The quantity [ATTr^f^.^Q) on the left of this equation represents the 
maximum rale of introduction (or abstraction) of fluid at the 
source, i.e. the strength of the source.* Denoting llihs quantity by 
A' we have from (29) 

A' cos nt=4irA cos nt . . . (30) 




Rayleigh, 2, p. 109 et seg,; Lamb, Arts. 69-76. 
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The velocity potential of a small source of strength A' is therefore 
from (30) and (35) 




A' 

4wf 



This equation is generally expressed in the form 


where 


— 008 (nt - kr) . 
4»r 



(81) 


(32) 

(32a) 


The particle-velocity being 
ddi kk' 

I “ sin ^ fcf) + (a negligible term involving) l/f®) (33) 


Equation (32) is of fundamental importance in dealing with sound 
radiation from atiy type of source. Although it applies essentially 
to a ‘point’ source {i.e. of dimensions small compared with X )j it 
is quite evident that it must also be applicable to sources of any 
shape or size, regarding each elementary area of the source as a 
‘point source’ and integrating over the whole of the vibrating 
surface. It is therefore possible to deduce the fundamental 
quantities, particle-velocity f , condensation s, and pressure p, at 
any point in the medium provided we know the motion at all 
points of the source itself. Numerous applications of the velocity- 
potential function are to be found in the treatises on Sound by 
Lamb and Rayleigh. A number of examples of practical import¬ 
ance are dealt with in a book by I. B. Crandall.* 

Power of a Source radiating Spherical Waves—^Thc rate of 
doing work, or power, of the sound waves from a ‘points source 
must be the same at any spherical surface surrounding the source, 
and is therefore independent of distance r from the source. 
Neglecting steady pressures which contribute nothing to the 
average effect, the rate of doing work at the surface of a sphere 
of radius r is the product of alternating pressure p, area of surface 
and radial velocity, i.e. the power W of the source 

__ dE , g d4> . d4> 

dt dr dt dr 


(34) 


since p~pdiild% (see equation (22)), 

♦ Theory of Vibrating Systems end Sound. (Macmillan.) 



POWER OF SOURCE 


Obtaining d^Jdt and d<^fdr from (32) we find 


W “ sin (nt -* Icr). sin (ni - kr). 

4xr 4xr 


Since the mean value of the sin® term is i, the average rate at 
which the source does work, or 

Mean Power— or or ^PcS . . (36) 

where A is the strength of the source defined as the maximum rate 
of volume variation at the source, i.e. where S is the area 

of the vibrating surface and (=n^o) is the maximum velocity 
(assumed uniform) over the surface. Writing n=27rc/X, 

Mean Power =■- 5 - ■ pc . S . ^ 0 ^ - • • (36) 

It is interesting to compare this result for a small source emitting 
spherical waves (S small compared with A^) with that given by 
eqn. (28), p. 55, for a large source emitting plane waves (S large 
compared withX®). For a given velocity amplitude ^ and area 
S the power is alwaj^ greatest for a source emitting plane 
waves. 

If the source is a small circular piston 

Mean Power W =* 25r®pN*S®|oVc ergs/sec. . (37) 

The relations (35) to (37) for the mean power radiated in spherical 
waves are of course only applicable to a small isolated source. 
The emission of energy would be modified by disv;ontinuities in 
the medium near the source. Rayleigh deals with this case of 
sound radiation from a small piston source forming part of an 
infinite rigid v/all.* 

A similar expression for a small elastic diaphragm may be 
obtained by assuming the mode of vibration given in eqn. ( 2 ), 
p, 166, and calculating the mean power on the lines indicated above. 
The expression obtained can be checked experimentally by 
simultaneous observations of the frequency, amplitude, and 
motional impedance (see p. 73) of a diaphragm vibrating in 
water. The amplitude may be measured optically by means of 


* Sound, 2. p. 162. 



64 


EXTENDED MEDIUM VIBRATIONS 


a small mirror attached at a point half-way along a radius of 
the diaphragm. The power radiated is most conveniently in¬ 
dicated by a watmicter in circuit with the alternating electrical 
supply which excites tlie diaphragm. The change of ‘watts’ on 
passing through resonance is a measure of the sound-power 
radiated (10^ ergs/sec.=:l watt). The sound intensity at any point 
in the medium will of course be the pow er divided by 4Trr^, where 
r is the distance of the point from the source (assumed small). 

Double Sources—Tlic simple ‘point source’ which we have 
been considering is a theoretical abstraction. All vibrating 
bodies have a finite size which may be very large (the case of 
plane waves) or very snjall (in case of spherical waves) compared 
with a wave-length of the sound radiated. Further, many sources 
of sound, unless special precautions are taken, will act as double 
sources. Thus a vibrating diaphragm exposed to the free atmos¬ 
phere on both sides is, at any instant, sending out a compression 
pulse on one side and a rarefaction pulse on the other, behaving 
as two sources near together and in opposite phase. A vibrating 
wire is another example of this. Lamb* has developed the theory 
of the double source, regarding it ns two simple sources near 
together but in opposite phase. It requires little proof to’show 
that such a source will radiate less energy than the correspemd- 
ing simple source, for one component w'ill almost neutralise the 
effect produced by the other. The velocity potential (ji at a point 
P distant r from a double source of strength C cos nt is, for large 
values of r. 




AC 

43tr 


sin n{l - 7 /c) cos o 


(38) 


where 0 is the angle made between a line joining the two simple 
sources and a line from the midpoint to the point P. Also the 
rate of emission of energy by the double source is 


dE PeJe^C^ 
dt 24:71 


(89) 


the intensity at any point in the medium depending on the orien¬ 
tation 0 as in (38). It is instructive to compare equations (35) 
for a simple source, and (39) for a double source. Regarding these 
as having the same strength and frequency, we observe that 

(fl) The power radiated varies as p/c and p/c® respectively (pp 
for plane waves, see equation (28), p. 55), and 

* Sound, p, 226, 
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[b) the emission from a simple source varies as {i.e. as l/X^), 
whereas it varies as n* {i.e. as 1/X^) from a double source. The 
double source, therefore, rapidly becomes more efficient as a 
radiator, relative to the simple source, with increasing frequency 
and diminishing wave-length of the sound. 

In the case of the double source (see equation (39)), if the 
frequency N is fixed, the energy emitted in different media will 
vary directly as the density p and inversely as the cube of the 
wave-velocity c. The energy emission for sources of the same 
strength in gaseous media, where this velocity varies inversely 
as VPj 'vill, at constant frequency, vary inversely as the fifth power 
of the wave-velocity. This accounts for the apparent feebleness 
of a bell or a tuning-fork (both double sources) when vibrating in 
hydrogen as compared with air. The wave-velocity in hydrogen 
is 3'9 times that in air. Consequently the energy emission is 
(3*9) ® or 900 times as great in air as in hydrogen. A comparison 
might also be made between air and w-ater as the transmitting 
media, the relative densities and wave-velocities being 1/770 and 
l/4‘4 respectively. Apart from other considerations, the energy 
emission from sources of equal strength would, for the reasons 
given above, be about 9 times as great in water as in air. This 
ratio becomes 175 and 3390 respectively for a simple point 
source and a source of plane waves. 

In both cases of a simple and a double source (see equations 
(35) and (39)) the energy emission is proportional to the square 
of the strength of the source, i.e. to where S is the area 

of the vibrating surface. It will be clear, therefore, why a 
vibrating tuning-fork or wire emits its energy at a much greater 
rate when it is brought into contact with a solid body of large 
area such as a table top. The sounding-board of a piano or of 
a violin radiates practically all the vibrational energ/ of its strings. 
As we have seen, the increase in energy-emission \ ith frequency 
is most rapid (« n**) in the case of a double source. When the 
vibrations are very slow (n small) the fluid surrounding the source 
behaves as if it were incompressible and simply flows locntly from 
one face of the double source to the other which is in opposite 
phase. In such a case no sensible vibration is transmitted by the 
medium. As the frequency increases, and \ becomes comparable 
with, or greater than, the distance apart of the two simple sources 
which form the ‘double-source,* this ‘local flow’ is reduced and 
true waves of alternating pressure, i.e. sound waves, are set up 
in the medium. The local flow increases with increase in the 
velocity of sound in the medium, when the latter more nearly 

5 
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approaches incompressibility, and less energy is radiated as sound 
(as in the case of hydrogen and air cited above). 

This reduction of ‘local flow’ has important practical application 
in the design of sound generators to work in media such as air 
or water. It is obviously better, for example, to employ a vibrat¬ 
ing diaphragm with one side enclosed, ^vhen it behaves as a simple 
source and radiates much more energy than if its efforts Avere 
partially neutralised by the simultaneous out-of-phase vibrations 
from the opposite side. l*'or a similar reason a diaphragm en¬ 
closed on one side is much more efficient as a radiator when sound¬ 
ing it.s fundamental tone, than vibrating with one nodal circle 
when tliere is kxal flow between the two areas vibrating in 
opposite phase. In the case of a vibrating string the local flow 
in the sunoundincf air accounts for the feebleness of the sound 
emitted. 

In certain circumstances, however, more particularly in the 
diiectional tiansmission of sound, the double (or possibly a 
nniltiple) source (see p. 233) is very important. When the distance 
apart of the t\%o cejuivalent simple sources is comparable with or 

greater than a wave-length, 
the directional term cos 9 in 
equation (38) becomes 
important. 

Rayleigh refers to a 
simple experiment performed 
by Stokes* to illustrate the 
increase of the sound 
emitted from a tuning-fork 
when local flow around the 
prongs is prevented. A 
piece of cardboard is held 
with one edge parallel and close to one prong of the vibrating fork. 
When the card is placed as at A or B in fig. 21 relative to the 
prong there is little or no effect, but when placed at G, making 
an angle with the plane of the prongs, the sound is considerably 
intensified. 

The Principle of Superposition— Huyghens first drew atten¬ 
tion to the important fact that the passage of one beam of light 
through an aperture is in no way affected by the passage of another 
beam through the same aperture. The light waves cross each 

* See Rayleigh Sound, 2, p. 306 ; and Srokes, phiL Trans., 158, 
p. 447. 1868. 
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other at the aperture without interfering at all with each other’s 
course. The same is true also of sound waves. This independence 
of tlie separate waves is explained on the principle of superposition. 
This principle implies that the resultant displacement, velocity, 
or condensation at any point in tlie medium is equal to the vector 
sum of the corresponding quantities due to each wave-train 
independently. Tlie principle is valid only for small amplitudes, 
when it can be assumed that the stresses are linear functions of the 
strains, a condition which is fulfilled in the case of ordinary sound 
waves of small amplitude. It is important to notice that the 
principle is only applicable to quantities w'hicli may reverse in 
sign (viz. displacements, velcxiities, and condensations); it would 
lead to erroneous results if applied to the addition of energies or 
intensities, involving the squares of these quantities. From a purely 
physical standpoint there cannot, of course, be two wave-systems 
at once in the same jjart of the medium, since an element of the 
medium cannot have two different densities or velocities at the 
same in.stant. The actual motion of the medium is difTercnt from 
any of the individual motions w'hich would be produced by the 
wave-trains independently ; when we speak of two or more wave- 
systems passing at the same instant through the same medium, 
the actual or resultant effect is a single wave-sy.steni different from 
any of the imaginary ones. It is important to remember when 
applying the principle that there is no restriction as to the relation 
between the component frequencies. 

A special ca.se of superposition, which may appear to be a 
contradiction, is known as interference (see p. 325). Two inde¬ 
pendent wave-trains of the same frequency mutually cross each 
other. At certain places there is reinforcement [i.c. increased 
amplitude), whilst at others there is reduced, c" possibly zero, 
amplitude. Such ‘interference,’ as it is called, is a direct outcome 
of the principle of superposition. 

Huyghens’ Secondary Waves—Another important principle 
due to Huygheris is the following: The wave-front of a disturbance 
may at any instant be obtained as the envelope of the secondary 
waves proceeding from all points of the wave-front at some pre¬ 
ceding instant. 

Thus a disturbance diverging with velocity v from a point 
source may at any time tx be represented by a thin spherical shell. 
According to Huyghens’ principle, we may regard this shell as 
the disturbed region, and determine the disturbance at a sub¬ 
sequent time tn by drawing spheres of radii ^(to—fi) round each 
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point of the shell. The outer spherical envelope of these spheres 
will be the new wave-front at the instant t 2 ’ By this construction 
it will be found that the direction of advance of the wave is normal 
to the wave-front. As the distance from the source becomes 
large, a small area of the wave-front approximates to a plane surface 
at right angles to the direction of advance of the wave. It is often 
convenient, and sufficiently accurate, to regard a spherical wa\^ 
at a large distance from the source as a plane wave. A wave-front 
may be defined as a surface such that the disturbance over it 
commenced at the same source at the same instant. Such a wave- 
front may of course be entirely in one medium or in two or more 
media. The wave-front due to a point source in a homogeneous 
medium will always be spherical. The definition of course 
involves the assumption that waves of all frequencies are pro¬ 
pagated with equal velocities. 

Making use of the theory of the simple point source of sound, 
and combining it with Huyghens’ principles of superposition and 
secondary' waves, it is often possible to deduce the sound distri¬ 
bution in a medium containing a source of sound of appreciable 
size. The reflection and refraction of sound v^aves at the boundary 
of two different media follow the ordinary laws applicable to light 
waves, provided the dimensions of the boundary are alw'ays large 
compared with the wave-length of the sound incident upon it. 
In the majority of sound problems with which we shall have to 
deal, however, this condition is not fullilUd, the dimen.sions of 
obstacles and apertures being frequently of the same order as the 
wave-length of the sound, l^iffraction problems in sound are 
consequently of much more frecj|uent occurrence, and are of 
greater relative importance, than they are in the case of light. 
Only when sounds of very high frequency (and therefore of short 
wave-length) are employed is it possible to demonstrate the ordinary 
optical laws of reflection, etc., with apparatus of moderate dimen¬ 
sions. In order to obtain effective focussing of sound waves by 
curved reflectors or lenses it is important that the dimensions of 
the reflector should be many times the wave-length of the incident 
sound. The same statement is applicable to sound screens if 
‘optical’ shadows are required. In the majority of cases, there¬ 
fore, where diffraction effects predominate or carmot be neglected, 
the principle of secondary waves as proposed by Huyghens may 
be of great assistance. The method is often applied experiment¬ 
ally by means of spark-pulse and ripple photography (see p. 374) 
where the progress of a wave-front can be followed from point to 
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point in a medium containing obstacles of any required form and 
distribution. In Section 111 such questions will be examined in 
greater detail. 


ELECTRICAL VIBRATIONS 

Attention has already been drawn to the close analogy which 
exists between mechanical and electrical vibrations. On this 
account alone it would se^^in justifiable to introduce the subject 
of alternating electrical phenomena at this point, but there is also 
another important reason why further reference should be made 
to this subject. Alternating electrical and magnetic effects pro¬ 
vide a very convenient means of exciting the corresponding 
mechanical vibrations. An alternating current supply of variable 
frequency and power may be employed in the production of sound 
vibrations of corresponding frequency and intensity. 

The earlier forms of alternating current generators (of sonic 
and supersonic frequency), such as the Duddell .singing arc, were 
very effective but rather inconvenient in u.sc. The advent of tlie 
thermionic three-elcctrodc-valvc during recent years has, however, 
supplied an extremely convenient and inexpensive source of 
alternating electrical power. By means of the valve it is a com¬ 
paratively simple matter to produce alternating current of almost 
any conceivable frequency, from zero to many millions of cycles 
per second. In addition to this the power output at any particular 
frequency may be easily controlled and measured. It is not 
surprising, therefore, that a rapid development has taken place 
in the design of electrical sound sources (or generators as tliey are 
sometimes called) and in electrical methods of receiving and 
recording sound waves. The transfer of electrical to mechanical 
energy and vice versa is of frequent occurrence in many problems 
concerned with the production, transmission, and -eception of a 
sound wave. 

We shall therefore consider briefly the more salient facts in the 
theory and methods of production of electrical oscillations. 

Free Oscillations in a Circuit containing Inductancei 
Capacity, and Resistance —When a condenser of capacity G is 
discharged through a coil of inductance L and resistance R, the 
electrical charge Q in the condenser at any time t after closing the 
circuit may be deduced from the equation of electromotive forces 
operating m the circuit, viz. 
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A comparison of this equation with equation (1) on p. 34 is in¬ 
structive. It will be seen at once that they are of the same form, 
consequently the solutions will be similar. It is important to 
note the corresponding mechanical and electrical quantities 
involved, viz. 

Inductance L = Inertia (mass) m. 

Resistance (electrical) R = Resistance (mechanical) r. 

Capacity C ~ Compliance or ——- -- - • * = . 

stillness s force 

Quantity (electrical displacement) Q = Displacement .v. 

Current = Velocity clxfdt. 

Rate of current change ~ Acceleration cPxfdt^. 

E.M.F.= Force. 

The method of solution of the above equation, follows exactly the 
same lines as that on p. 34 etc... in the mechanical case. When 
R is less than a certain critical value the solution therefore takes 
the same form as equation (B), p. 34. 


Q—Qo® COB (n"i+e) 


where Qo ia the initial charge on the condenser, 

fc~R/ 2 rj the electrical damping coefficient 


and 



4L2 



(3) 


This equation represents a vibratory S.H, motion with amplitude 
dying away exponentially. The condition for oscillations is that 
n* should be real, ie.j 

R<2^/l'7c ■ . (4) 

Provided R. is considerably smaller than the critical value in (4), 
the frequency of oscillation is 


N-=:?-==; 


1 


2ae 

Or the periodic time 

T«=2;r^/L0 


(5) 


substituting m for L and l/s for C, we obtain the corresponding 
relation T^2ir'\/m/s for the mechanical system. 
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Forced Oscillations—In the previous case we considered the 
effect of discharging a condenser through a circuit having induct* 
ance and resistance. Now take the case of an alternating e.m.f. 
E cos pt applied to such a circuit. The equation of c.rn.f.’s will be 

L . o +R , +/, "-“E coapi . . (6) 

dt~ at 0 

Comparing with the analogous equation for the forced vibrations 
of a mechanical system (see equation (1), p. 37), we obtain the 
solution equivalent to equations (4^) and (46), p. 37, viz. 


_ / sin e , , 

Q— cos (pt--€) 

Hp 

. ^kp , , 2kp 

fcJiD c ' '(j "■ . find sin c , i '2ii 


where 


/--■E/L, A:--=R/2L, and n---l/LO. 


(7) 


The currcnl die circuit at any instant t is obtained by differ¬ 
entiating Q thus, 


. f sin e . , , , 

‘■“‘dT- 


( 8 ) 


On substitution of the correspondiue electrical quantities foi 
ff k, and n-, this becomes 


E sin {pt —e) E 

sin t>-e) 


(9) 


|R“+(L(.-g^) } 

The denominator of this expression for the current is known as the 
electrical impedance Z of the circuit, the quantity^L//— | being 

designated the reactance X. The phase lagt is given by 


tane:=: 


R 


R 


{hp~\/Cp) ’"X 


( 10 ) 


Resonance—When the frequency of the force coincides with 
that of the free oscillation (resistance damping being small), we 
have from (9) and (7), 

E E 

»= g^sin {pt—rr/2) cos pt [since n—p, tanc= oo,aDdc=?r/2]* 
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the xnaximuni current being therefore E/R, in phase with the 
applied voltage. When R is zero, which of course never occurs 
in practice, the current becomes infinite. In ordinary cases, the 
current at resonance is limited solely by the resistance in the 
circuit, the effect of inductance being neutralised by the negative 
effect of the capacity. This is obviously analogous to the case of 
resonance in a mechanical circuit where the amplitude and particle 
velocity arc limited only by the frictional damping. 

The question of electrical power dissipation is also similar 
to the mechanical case dealt with on p. 42. It is unnecessary 
to repeat the discussion already given. 

The Circle Diagram—The phase relations between e.m.f. 
E, impedance Z, and current i (or the corresponding mechanical 
quantities force, mechanical impedance, and particle-velocity) 
may be indicated simply by a vector diagram.* If an alternating 
voltage be applied to a circuit consisting of a resistance R and a 
reactance X (inductance and capacity), the voltages across the 
two component parts of the circuit will always be 90® out of phase 
with each other, this being independent of the magnitudes of the 
resistance and the reactance. Fig. 22(a) shows a vector diagram 



of the circuit where AB=Zt=:voltage applied to the circuit. A 
circle described on AB as diameter will therefore pass through the 
point C since the angle ACB is always a right angle. If the 
relative values of the resistance and reactance be altered, the 
angle if, , the phase lag between current and applied e.m.f., is 
altered also, but the angle ACB is still a right ?ngle. The dia¬ 
gram generally takes the form shown in 'g. 22(6), in which AB 
indicates the phase of the applied e.m.f. and BC the plrase of the 

* E.g. see Kemp, Aiterncuing Current Electrical Engineering (Mac- 
mlUao). 
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current.. A similar diagram may be constructed for a vibrating 
mechanical system, substituting / for E/L, k for K/2L, and for 
1/LG. 

Motional Impedance. Efficiency of Eiectricaily-driven 
Sound Sources —On account of the extensive use of electro¬ 
dynamic or electromagnetic forms of sound generators and 
receivers, it is a matter of some importance to know their charac¬ 
teristics and efficiency. In any form of machine which converts 
electrical energy into motion, the moving mechanism reacts on the 
electrical circuit. In the case of an ordinary electric motor, for 
example, a back e.m.f. is developed in the armature when the latter 
rotates. The electrical efficiency of the motor is equal to the ratio 
of this back e.m.f. E to the voltage V of the supply, since Vz is the 
gross power supplied and Ei is the net power utilised. The current 
i through the armature is equal to (V—E)/r which coasequently 
becomes smaller, the greater the efficiency of the motor, i.e. the 
nearer E approaches V. The back e.m.f. therefoie behaves like 
an added resistance in the circuit. Denoting this apparent 
additional resistance iluc to the rotation of the armature by R. 
we may write the current i equal to V/(r--f-R). Now, the powei 
supplied is i-(r-}-R) and the power utilised is rR, whence the 
efficiency is R/(r-|-R)* The efficiency is therefore the ratio of the 
‘motionaV resistance R to the total effective resistance (r-f-R). The 
net power utilised by the motor is a maximum when c/(i^R) /clR is 
zero, i.e. when R~r, in which case the efficiency is 1/2. 

In a similar, manner, the mechanical vibrating element of an 
electrical sound generator or receive reacts on the electrical 
circuit. The back e.m.f. produced by the vibration manifests 
itself as a change of impedance in the circuit. It is customary, 
therefore, to determine the characteristics of such \ vibrator froni 
the analysis of its impedance at different frequencies of excitation. 
This method of analysis was first introduced by Kennelly and 
Pierce* who applied it to study the vibrations of a telephone 
diaphragm. The principle involved with an alternating current 
motor, e.g. a telephone receiver, is analogous to that of the direct 
current motor to which we have just referred. The only difference 
is that we have now to deal with impedances and phase angles 
instead of the ordinary D.C. resistance. Thus, in such an 
electrically maintained vibrating system, if R' 1/ are the ‘vibrating’ 

* See Kennelly and Pierce (Arner. Acad. Science Proc., 48, p. 113, 
1912) ; Electrical Vibration Instruments, A. E. Kennelly (Macmillan) ; 
and Dictionary of Applied Physics, 2, ‘ Electricity,' pp 844-846, 971, 
and 977. 
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and RL the ‘stationary’ values of resistance and inductance, then 
(R' — R) is the motional resistance^ {l/p — hp) or (X' — X) the 
motional reactance, whilst the motional impedance is the vector sum 
of (R'-R) and (X'-X). 

Motional Impedance Circle — When the impressed frequency 
differs widely from the resonant frequency of the vibrating sys¬ 
tem, the amplitude of vibration will be small for a given input 
of electrical energy. Under such circumstances, therefore, the 
motional impedance will be small and the efficiency very low. 
Near resonance, however, in a well-designed ‘sound transmitter,’ 
the motional impedance may be large and the efficiency corre¬ 
spondingly high. To determine the characteristics of a trans¬ 
mitter, therefore, a scries of impedance measurements {i.e. of 
R and X) is made at constant current over a range of frequencies 
in the neighbourhood of resonance. Strictly speaking, two series 
of rneasurements should be made with the vibrator, (1) ‘free’ to 
move, and (2) clamped, or heavily damped, in the normal position. 
In practice, hmvever, it is generally unnecessary to make the 
measurements (2) as they can be inferred from the results of 
series (1). In fig. 23 (a) and (b) the resistance and reactance of a 



Frenutncu pp.ft 




FnqutnQ^ 


Fic. 23 


vibrating telephone (diaphragm type) are plotted in terms of 
frequency near resonance. 

If now the corresponding values^ of motional resistance (R' — R) 
and motional reactance (X' — X) obtained from these curves are 
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plotted as in fig. 23 (c), each point being marked with its corre¬ 
sponding frequency, it will be found that the locus of the points is 
a circle passing through the origin. The motional impedance at 
any given frequency will then be the chord Op,, of the circle. At 
resonance, the motional impedance is represented by the chord of 
maximum length, i.e. the diameter OA of the circle. If there are 
no iron losses this diameter is horizontal and the angle P =0. In 
this case the motional impedance is a pure resistance in phase with 
the current. Consequently the diameter of the circle, expres.sed 
in ohms, multiplied by the square of the current (amps.) gives a 
measure of the mechanical power developed (watts) by the motion 
of the vibrator. The angle 2p between the diameter OA and the 
R axis is a measum of the ‘iron loss’ in a moving iron transmitter, 
such as a telephone eaqjiei;e. As in the case of the electric motor, 
the ratio of the maximum motional resistance to the total effective 
‘frer^ resistance is a measure of the efficiency at resormnee. If*the 
resonanre is very sharp, the d.imped (or clamped) imitedance may 
be regarded as constant t'ver the range of the circle. In such a 
case it is often sufficiently accurate to obtain the motional resistance 
at resonance by siinjily sul)tTacting the minimum from the maxi¬ 
mum observed impedances near resonance. 


Wattmeter Method — If the po\^’er of a sound transmitter is 
sufficiently large, the output and efficiency may be determined 
with sufficient accuracy by a more direct method. Measuring the 
electrical })ower consumed in the circuit by a wattmeter at a series 
of frequencies near resonance, it will be found that a marked 


increase occurs at reson¬ 
ance. Such a cui-ve for a 

small diaphragm srjund 

transmitter under water is 
shown in fig. 24. It will * 
be seen that the total power ' 
consumed at resonance is 80 S 
watts, whereas the power ^ 



absorbed on account of the 20 


motion of the diaphragm is 

35 watts. A.ssumiijg this frequency 


power represents energy 6so ~ ceb ' 706 

radiated per second as Fig -•* 

sound, the efficiency is -14 per cent. A .'similar result is obtained 
if an ammeter in series and a voltmeter in parallel with the trans¬ 
mitter arc used iii.stead of a wattmeter. 



76 


ACOUSTIC IMPEDANCE 


The pow'er output may also be measured in some cases by the 
3-voltmeter method. * In this method a suitable resistance Ri 
is put in series with the ‘load’ (containing L and R in series) and 
the voltage is measured (1) Vi across Ri, (2) across the load 
(L and R in scries), and (3) V across Ri, L and R in series. 

It is easily shown that the power, 

W= /V=^_(Vi2+V2’'^)}/2R:. 

Acoustic Impedance—In dealing with the vibrations of a particle 
subjected to the action of an alternating force we have referred 
to mechanical impedance (see p. 38 ct scq.), reactance and 
resistance, and have shown (p. 70) how these are analogous to the 
corresponding electrical quantities. The particle velocity is 
determined by the ratio of the impressed force and the mechanical 
impedance, just as the electrical current is expressed by the ratio 
of 'applied e.ni.f. and electrical impedance. The thcoiy' of 
transmission of plane waves through an extended medium leads to 
a similar analogy. The particle velocity | in the medium is given 
by the ratio of ])ressure change p and radiation resistance or 
impedance pc (see p. 55). 

In the theory of resonant air cavities, pipes, filters, f etc., it has 
been found convenient to adopt a modification of the definition 
of acoustic impedance. Instead of force/particle-vek>city (as on 
p. 55) or as prcssure/volunie-displaccmcnt as originally jjroposed 
by A. G. Webster, $ it is suggested by G. W. Stewart f that 
acoustic impedance is defined by the ratio 

Pressure Pressure 

___^ r. rnn.- _ _ - - _ _ 01 ^ - _ ____ ^ 

Rate of Volume r3isplacenient Volume Current 


The volume ‘current,’ or volume velocity, in this ex[)ression 
usually denotes the product of linear particle velocity and area. 
This convention for acoustic impedance is frequently used in 
scientific and technical literature. 

On p. 55 it was shovyn that the mean power radiated per unit 
area of wave front is 




2 

max 


or 


) 

* 2 * 



> 


which of course expresses the intensity of the sound wave. The 


* Set* Alexander Rusaell, Theory of Alternating Currents. 
t Notably by G. W. Stewart and his co workers. See Acoustics, by 
G. W. Stewart and R. B. Lindsay, 

t Proe. Nat. Acad. Set. 5, p. 275, 1919. 
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instantaneous value of the varying pi'cssurc in the sound wave is. 
given by 

S/)~pc I 

In these expressions pc lias been described as the radiation 
resistance of the medium. Using Stewart’s definition of acoustic 
impedancej associated with an area S of the wave-front, 

Acoustic linpedancer--^^ — 

S 

The quantity pc~8pi^ under these circumstances is described as 
the specific acoustic impedance of the medium for plane waves. 
The impedance in this case is a pure resistance. 

Other instances of plane wave acoustic imiredance ^c/S are 

(1) a piston source emitting high frequency sound waves {a >> X) 

(2) a perfect exponential horn, and (3) an infinite cylindrical tube, 
In the case of spherical waves, howe\er, it Tuay be shown that 

the pressure fluctuation Sp and particle velocity ^ arc not in phase, 
indicating that the acoustic impedance cjf the medium involves 
reactance as well as resistance. N. W. McLaclilan gives the 
following value.s of iin]jedance Z for a radially pulsating sphere 
or radius a ; 

Z-r+iX 

r k-a--\-ika 

The, real component of Z is the acoustic resistance r and the 
imaginary part (the i ~\^—I term) is associated with the reactance 
X. When ka is large, at high frequencies, the reactance term 
bccoirrcs small and the specific acoustic impedance is Zx=pc as in 
the case of plane waves. In the case of a cortical horn of length 
‘<3* (measured from fictitious vertex) and mouth area S, 
McLachlan shows 

PC/ ArV+tAax 

■'“s v'l+AV ;■ 

Stewart and Lindsay f give numerous examples of acoustic 
impedance of horns, resonators and filters of various kinds. In 
many of these cases we are dealing with distributed acoustic 
impedance. The mathematical treatment is on this account more 
difficult than in the case of electrical circuits in which resistance, 
inductance and capacitance are usually separable quantities. 

The measurement of acoustic impedance was first attempted by 


1 / 

wlicre k—~-'=z 
c \ 


* Loud Speakers (Oxfctrd Press), 


i Acoustics (Chapman & Hall). 
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Kennelly * who dctemuncd the efrcciive impedance of a vibrating 
diaphragm and associated air cavity by an electrical method (see 
p. 73). Kennelly’s method is useful, however, only near the 
resonance point of die diaphragm when the velocity amplitude is 
large. Consequently other methods have been developed which 
cover a wider range of frequency. A direct measuiement of 
acoustic impedance of an orifice in a resonator was made by E. G. 
Richardson, f Both instantaneous particle velocity and pressure 
from which the impedance w'as derived were measured simul¬ 
taneously (see pp. 192 and 199). 

A comparison method, devised by K. Schuster, J consists of a 
purely acoustic prcK'ess. It is a null method in which the unknown 
impedance is compared with a calibrated arbitrarily variable 
impedance (an air column of variable length closed by a felt disc). 
The accuracy of iht^ method of course depends on the accuracy 
with which the impedance of the ‘standard’ is knowm. A ‘bridge’ 
method, due to N. W. Robinson,§ utilises two similar tubes 
forming ratio arms into which sound w'avcs are propagated equally 
by a loud-speaker. The, tubes arc terminated by a known 
reactance standard and. the unknown impedance respectively. 
The sound pressures at points equidistant along the ratio arms 
arc fialanced by adjusting the standard reactance. Balance is 
indicated by a difTerential micto})honc which is the equhalcnt of 
the galvanometer or headphones in an edcclrical bridge circuit. 
The apparatus was used by Robinson to measure the impedance 
of orifices. Similar measurements have also been described by 
Sivian. jj He found that the resistance component of the orifice 
impedance increased with amplitude, possibly due to turbulence 
or to non-unifonnity of flow near the walls of the t)rifice. A 
rneihcd described by L. Keibs for measuring the impedance of 
a reflector at the end of a tube is interesting. He measures the 
pressure at the source end when the other end is closed first by a 
perfect reflector and then by the unknown imijcdance Z. The ratio 
of these two pressures pi/p 2 —Z/{Z-\-\) approximately. 


* FAectrical, Vibration Instruments (MacmiHan). 

t f’roc., 40, p. 206, 1928. See also G. W. Stewart, PKys. 

^ E.N.T., 1.S, p. 164, 1936. 
II tj P- See also Phys. Sac. Proc.. 50, p, 599, 1938. 

II Soc. Amer., 7, 94, 1935. See also E. C. Wnite an<l E. H. 

Bedell /*// Syst. Tech. /„ 8, p. 1, 1938 ; and P. B. Flanders, Pelf Syst. 
Tech. 11, p. 402, 1932, E. J. Irons, Phil. Mng. 7, p, 873, 1929, and 
9, p. 3*16, 1930. ^Am. de Phys., 26, p. 141 and p. .'i85. 1936. 

Srivastava [Proc. Nat. Acad. Sci. India, A. 15 (No.4), 
136, 19461; and W. Wilms (Arch, teclin. Hfessen, No. 178, Nov. 1950). 
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Sources of Alternating Current 

Any attempt to give details of the numerous ways in which 
alternating currents for acoustic purposes may be produced is 
manifestly outside the scope of this book. It is important, never¬ 
theless, to refer briefly to a few which are in general use at the 
present time. For further information the reader is referred to 
standard treatises in A.G. electrical engineering. A useful 
descriptive list of suitable generators is given in the Dictionary 
of Applied Physics. * We shall refer briefly to a few of the more 
important. 

(1) Interrupters*— Perhaps the simplest tyi:)e of ‘alternator,’ if 
it may be so described, is an interrupter of direct current. ‘Inter¬ 
rupted’ current may be used either directly or through the 
secondary of a transformer. In the latter case the current may 
be more properly descriljcd as alternating. Direct current may 
be rendered iutennittent at any desired frequency within certain 
limits in numerous ways. 

(a) Motor-driven Cor}mmtator—-V\w is a very convenient 
form of interrupter in which the frequency is controlled by 
the speed of the motor. I’hc number of segment.s in the com¬ 
mutator will of course be chosen to suit the frequency-range 
required, having regard to the speed-range of the motor. If 
much power is required from such a device, it is usually the 
practice to connect a suitable condenser and series resistance 
across the two brushes which carry' the current to the commutator, 
this arrangement having the effect of reducing sparking at the 
break of circuit. Sparking effects arc particularly troublesome 
when there is much inductance in the circuit. In addition to the 
use of a condenser to reduce sparking it is advisable, as far as 
practicable, to break the current at a high speed in order to reduce 
also the possible formation of an arc between the brush and the 
commutator segments. The frequency of this fonn of interrupter 
is liable to vary unless some fonn of speed governor is fitted to 
the motor. 

(b) Tuning-Fork and Wire Interrupters — Tuning-forks and 
stretched steel wires may be maintained in vibration- on tlie 
electric-bell principle, by means of suitable contact-breakers 
—^wires dipping into mercury cups or solid spring-mounted 
metal contacts—combined w'ith a maintaining electromagnet. 
Auxiliary contacts may of course be provided to interrupt the 


* Vol. 2, ‘Electricity,’ pp. 393-401 and pp. 897*903. 
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current in the main circuit, without interfering with the main¬ 
taining circuit of the fork or the wire. Vibrating wires and 
forks provide a reliable source of interrupted current of constant 
frequency. By altering the tension of tlie wire the frequency 
may be varied continuously from, say, 30 to 300 cycles/sec. The 
tuning-fork interrupter, on the other hand, is essentially fixed in 
frequency. If different frequencies are required it is necessary to 
have a suitable range of forks. Interrupted current of frequency 
as high as 200 per second may be obtained by means of tuning- 
forks in this way, but the difficulties of making and breaking 
mechanical contacts carrying current become very great at higher 
frequencies than this. Reference ^vill be made later to valve- 
maintained tuning-forks of frequency of the order 1000 p.p. sec. 

(c) Buzzers — Various forms of buzzers have been devised, the 
principle of operation being in most cases essentially that of the 
ordinarv' electric bell. The vibrating diaphragm or reed makes 
and breaks a contact in the circuit of the maintaining magnet. 
An improved fonn, due to Dr. Dye of the N.P.L., has an addi¬ 
tional secondary winding in which alternating current is induced 
by the intermittent primary current winding which maintains the 
buzzer. The diaphragm buzzers made by the General Electric 
Company are made with frecjuencies lying rvithin the range 300 
to 1000 cycles per second. 

(d) Electrolytic Inteirupters (VVehnclt Type) — .'\n interrupter 
of an entirely different tyjre is one due to Wehnelt, which 
depends on the interrupted flow of direct current through an 
electrolyte. If a small platinum point is used as the anode and a 
lead or aluminium plate as the cathode in an electrolytic cell 
(containing a concentrated solution of almost any salt, e,g. 
ammonium phosphate, or even common salt), then an interrupted 
flow of current will take place at a regular frequency irrovided 
the circuit (at, say, 100 volts) contains sufficient inductance. The 
wave-form is rich in harmonics. The purity of the wave-form 
may be improved by using a tuned circuit (inductance and 
capacity) across the electrodes. It is of interest to note in passing 
that a Wehnelt interrupter not only forms a convenient means 
of obtaining interrupted current of frequency-range 100 to 5000 
p.p.s. or so, but also may serve as a fairly powerful source of 
sound. The sudden production of gas bubbles at the same 
frequency as the interruptions results in corresponding pressure 
vibrations being set up in the surrounding liquid. 

(2) Microphone Hummers — The wave-form of interrupted 
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current is obviously far from sinusoidal, since the current is varied 
suddenly between zero and maximum. In the microphone 
hummer a vibrator (tuning-fork, bar, telephone diaphragm, etc.) 
is maintained in vibration by the fluctuating current through a 
microphone attached to the vibrator. This current, acting through 
an electromagnet, reacts on the vibrator which in turn shakes the 
microphone—the cycle being continuous. A moderately pure sinu¬ 
soidal alternating current may then be obtained from a secondary 
winding on the maintaining electromagnet. The same principle 
has been applied by A. Campbell* at moderately high frequencies, 
1000 to 5000 p.p.s., by means of a steel bar with a microphone 
and exciting magnet suitably mounted. As before, a transformer 
is used to couple the vibrator to tlie external circuit. The hum¬ 
ming telephonef is a microphone hummer in uhich a vibrating 
telephone diaphragm reacts through the intervening air on a 
microphone coupled electrically to the telephone. 

(3) Sinking Arcs —Duddell’s singing arej provides a source 
of alternating power of a fairly wide range of frequency, but in 
its original form is not very convenient. A m'>dification, due to 
C. L. Fortesque, employs a ‘pointolite’ (tungsten arc) instead of 
the carbon arc. This results in much steadier working conditions. 
As in the Duddell arc the pointolite is tuned by means of induct¬ 
ance L and capacity C across the arc electrodes, a suitable coupling 
coil being employed to connect to the external circuit. The 
frequency is simply determined by l/2ir\/LG (or 159‘2/\/LG if 
C is measured in microfarads and L in henries). 

(4) Alternating Current Machines—Low-frequency alter¬ 
nators working up to 200 p.p.s. are well known and are described 
in electrical engineering textbooks. For audiofrequencies, other 
designs have been developed. 

(a) Dotemlek Toothed Wheel —In its simplest form this con¬ 
sists of a toothed iron wheel rotated, by means of a motor of con¬ 
trolled sp)eed, close to the poles of an electromagnet carrying 
secondary coils near its poles. The pole pitch is equal to an 
exact whole multiple of the tooth pitch of the iron wheel. As the 
teeth pass the poles, the flux through the magnet, and consequently 
the secondary coils, is varied, the frequency being determined 
simply by the product of the number of teeth and revolutions per 
second of the wheel. To reduce losses due to eddy currents, it 
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is an advantage to laminate the magnet and the teeth of the wheel. 
Frequencies up to 4000 p.p.s. may easily be obtained in this way. 
A very simple form of Dolezalek alternator may be constructed 
by using a two-pole telephone receiver with its bobbins, and 
mounting it near the teeth of a suitable motor-driven wheel. The 
wave-form is rich in harmonics. 

(b) Duddell Alternator —This machine is well designed and 
provides a reasonably pure sine-wave current over a frequency 
range up to about 2000 p.p.s. The rotor of the machine carries 
the field winding on 30 poles. The stator consists of a laminated 
iron ring wound like a gramme ring—the air gaps between stator 
and rotor being fairly long to reduce armature reaction. I’he out¬ 
put of the machine varies from about 10 watts at low speeds to 
about 500 watts at high speeds. 

(c) Alexanderson Alternator —In very high-speed alternators 
it is necessary to employ a specially strong mechanical construction 
for the rotor. This has been achieved in the Alexanderson 
machine, which runs at 30,000 r.p.m., i.e. ten times the speed of 
an average small motor. A rotating disc has 300 slots set round 
its edge to leave 300 steel teeth. Each of these teeth acts in tum 
to close the magnetic circuit between two of the poles of the 
stator, which holds the magnetising field coils and a peculiar form 
of slot winding in which the alternating e.m.f. is generated. 
These alternators were generally used for purposes of wireless 
telegraphy. A good description may be found in the Dictionary 
of Applied Physics, 2, ‘Electricity,’ pp. 1051-1053. 

(d) Valve Oscillation Generators —The introduction of the 
thermionic valve has undoubtedly provided the best source of 
alternating current for sound production. Simplicity combined 
with wide ranges of power and frequency make the valve, with 
its associated circuits, an ideal means of electrically exciting 
mechanical vibrations of any conceivable frequency. It has the 
advantage over nearly every other type of alternator, of silence 
and steadiness of operation combined with great flexibility of 
frequency control. The three-electrode valve with its grid, plate, 
and hot metal filament is now so well known in its associations 
with radiotelephony that a further description here is superfluous. 
Many diflferent methods are in regular use for maintaining 
electrical oscillations, and the reader is referred to treatises on 
radiotelephony for details of these. Perhaps one of the simplest 
and most convenient forms of oscillation generator circuit is that 
shown in fig. 25. When due allowance is made for the difference 
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in frequencies of oscillation the arrangement of an audiofrequency 
valve generator is identical with that employed at radiofrequencies. 
In the arrangement shown an inductance coil connecting the 
filament to the grid is coupled inductively to ano^er coil L ^ con¬ 
necting the plate to the filament through a high-tension battery B. 

A variable condenser C is con¬ 
nected in parallel with the plate 
coil Lp. In alternative arrange¬ 
ments this condenser may be 
connected across the grid coil, 
or condensers may be used with 
both grid and plate coils. A 

third coil L,, coupled to the 
Fic. *5—Valve Oscillator. L ^ , provides the 

alternating current for the external circuit. Briefly, the system 
functions as follows. A small oscillation set up in the tuned circuit 
L p G, e.g, by switching on the filament current or the high-tension 
battery, induces a corresponding change in the grid ccnl which 
consequently causes the potential of the grid relative to the 
filament to fluctuate in the same manner. In turn, this 
varies the plate current, giving an amplified voltage fluctua¬ 
tion in the plate LpG circuit, thereby increasing its oscilla¬ 
tions. The grid is again affected, and the cycle continues to 
repeat itself until a steady state of oscillation is maintained. 
Regarded in this very elementary manner, the frequency of oscilla- 
tiem is dependent solely on the values of and G in the plate 
circuit, i.e, the frequency is equal to l/2ir\/hpCI) provided the 
resistance R of the plate coil is not too great. A more complete 
view of the matter includes the effect of mutual inductance M 
between the plate and grid coils, as well as the amplification 
factor cr and ‘plate’ resistance p of the valve itself. The valve 
adds to the resistance R in the oscillatory circuit a term of the 
form (Lp +oM)//)G, the equation of oscillation* being 







0 , 


where t is the current flowing in the plate inductance coil 
The damping constant 



L + o-M\ 
“pO / 


• See *La Lampe 5k tmis Electrodes,’ C. Gutton, 5, p. 59, edited by Le 
SocUt^ *Joumal de Physique' 
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and the frequency of oscillation, when damping is small, 

N- ” - L^l uTI /^ 

'ix ^ l 6 


J LO’ 

^vhen R is small compared with p, as is usually the case in practice. 
The condition for oscillation requires that should be always 
greater than k'^. 

If it is required that an oscillator should give a maximum 
power-outjmt at a particular frequency^ it is an advantage to divide 
the inductance L,, in the tuned circuit into two parts, and L', 
one of which, L', is introduced in series with the capacity as 
shown in fig. 25. This amounts to connecting the plate to a 
suitable tapping point on the inductance L,, in the tuned circuit. 

The frequency of an oscillator is conveniently adjusted by 
means of a set of condensers, from a variable air condenser 0*001 
microfarad to large capacities of the order of 10 microfarads in 
mica or paraffin paper condensers. It is convenient also to have 
a series of pairs of inductances suitable for different ranges of 
frequency, e.g. 1 henry for frequencies from 200 to 1000 or 2000, 
10 millihenries for frequencies of the order 10,000, and so on. 
A set of coils made for radiotelephony purposes will cover the 
higher frequency ranges if required. There arc numerous com¬ 
mercial forms of valve which are suitable for oscillators having 
power outputs from a few watts to many kilowatts. ‘Loud 
speaker’ valves are very convenient where a moderate output, 
10 or 20 watts, is required for general laboratory purposes. If 
larger powers are necessary it is advisable to refer for special 
information to treatises on radiotclephony. 

Valve Amplifiers—The use of amplifying valve circuits to 
increase the intensity of relatively feeble alternating currents and 
voltages is of considerable importance in connection with electrical 
methods of sound reception. Feeble sound waves, of whatever 
frequency, may be picked up by means of a receiver which con¬ 
verts the mechanical into electrical vibrations and the latter 
multiplied many hundreds of times, if required, by means of a 
valve amplifier. As in the case of valve oscillators, many forms of 
amplifier exist. The design of the inter-connections of a multi-valve 
amplifier depends essentially on the frequency range in which it is to 
be used, and on the amourtt of permissible distortion of wave-form. 
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Resistance-capacity coupled amplifiers are very useful and, with 
suitable valves and grid bias, give a faithful reproduction of wave- 
fonn. At audiofrequencies it is possible to use commercial 
forms of transformer without serious distortion. In figs. 26a and 



Fig. 26 a—A mplifier Transformer Coupling 


26b typical valve amplifier circuits of this nature are indicated. 
The design of tJic input and output ends of a multi-valve amplifier 
must, of course, dejjcnd on the particular circum.stances under 
which it is to be used. Commercial types of amplifying valves 
give voltage amplifications varying from 6 to 36 or more, according 



Fig. 26 b—A mplifier Resistance-Capacity Coupling 

to the design. Usually a liigh voltage amplification implies a 
high plate impedance. Descriptions of valves and valve circuits 
with their amplifying, rectifying, and oscillatory properties are to 
be found in numerous publications dealing with radiotelephony. 
These should be consulted if further information is desired. 
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VIBRATING SYSTEMS 
AND SOURCES OF SOUND 

Hitherto we have dealt with simple ‘ideal’ systems, point sources, 
homogeneous media, and simple hannonic motion. It is neces¬ 
sary now to consider how the results thus obtained are applied to 
the njore complex vibrations of actual sources of sound. Solid 
bodies are particularly liable to vibrate in more than one mode, 
and in each of these jxjssible modes there may be overtones 
present in addition to the fundamental. By adopting suitable 
precautions, it is possible in certain cases to confine the vibration 
mainly to one particular type. The vibrations of a stretched 
string, for example, are predominantly transverse, but it is not 
difficult to excite longitudinal or torsional vibrations also. As the 
diameter of a wire increases relatively to the length the importance 
of the longitudinal mode of vibration increases, and in a rod the 
transverse and longitudinal modes are both easily excited. As 
the diameter of the rod is still further increased relatively to the 
length, the rod may ultimately be regarded as a plate which 
vibrates in the transverse mode most easily. In all these cases, 
however, if the method of excitation is suitably chosen, it is 
possible to encourage one particular mode, whilst discouraging 
the others. The vibrations of the body are also affected by the 
nature of the medium surrounding it, and by the presence of 
other bodies in the neighbourhood, particularly if these bodies 
have natural periods of vibration equal to, or near to, that of 
the vibrating source. 

In considering actual cases it is generally necessary to make 
simplifying assumptions and to deal -with vibrators confonning 
approximately to certain simple types. Vibrations of the inter¬ 
mediate types which do not conform with the mathematical 
assumptions and approximations must be considered mainly 
from the purely ‘physicar aspect, the mathematical tieatment, 
when possible, being very complex. For example, the string 
vibrator is regarded as a perfectly uniform and flexible filament of 
solid matter stretched between two fixed supports. In practice, 
allowance has to be made for lack of uniformity and flexibility and 
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for movement of the points of support. The method of excitation 
of vibration in a body has a considerable influence on the wave¬ 
form or quality of the sound it emits. A string, for example, 
vibrates Iran.sversely in difl’eient ways according as it is bowed, 
plucked, or struck. A steel rod struck at one end will vibrate 
both transversely and longitudinally, but by means of an electro¬ 
magnet it is possible to make either mode predominate. 

In regard to the nature of the motion of solid vibrating systems, 
the more ijnportant factors with which we shall have to deal arc, 
broadly speaking, (1) the resonant or ‘iiatuiar frequencies of the 
vibrating system, (2) the segnrental arrangement of the various 
forms of vibration, and (3) the extent to which these vibrations 
may be communicated to the surrounding medium. The appli¬ 
cations ol N’ibrating systems as sources of sound will be discussed. 


TRANSVERSE VIBRATIONS OF STRINGS 

T’hc type of vibration of stretched strings or wires with which 
we arc most familiar is that in which the particles of the siring 
vibrate in a plane perpendicular to the line of the string. This 
form of vibration is described as the transverse or lateral type. 
Another mode of vibration which is of comparatively iittle interest 
is the longitudinal vibration in w’hich the string lemains straight 
but the tension varies. 

In the first instance we shall assume the ‘iheorctical’ string 
which {a) is perfectly uniform, having a constant mass per unit 
length, (6) is perfectly flexible, its stiffness being supposed negli¬ 
gible, and (c) is not subjected to appreciable changes of length 
whilst in vibration. A long, thin, tightly stretched wire held 
between massive and wcll-rlamped supports fulfils these con¬ 
ditions fairly well. After dealing with the ‘ideal string’ we shall 
consider what modifications are necessary to conform with actual’ 
conditions, in which the wire has stiffness and the supports yield 
as the wire vibrates. When any point of a wire stretched between 
two fixed points is displaced and released the wire commences to 
‘vibrate.’ This vibration in effect results from transverse motions 
travelling in opposite directions along the string, and successive 
reflections of the ‘wave’ from the opposite fixed ends. In order 
to visualise such reflection of a transverse wave the student is 
recommended to make a few simple experiments on waves 
travelling along a stretched rope, one end of which is held in the 
hand whilst the other end is fixed. It will be observed that the 
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movement of each particle of the rope whilst it forms part of the 
reflected wave is in the opposite direction to its motion whilst it 
formed part of the original wave. If such a transverse wave 
arrives at the ^free’ end of a rope it is also reflected, but the 
direction of motion of the particles is not reversed. The rope 
assumes the foim of a sine wave if the end is moved up and down 
harmonically. 

Velocity of a Transverse Wave along a String —A long 
string of mass m per unit length is stretched by a force of T dynes. 
Assume, in the first place, that the gradient of the curve formed 
by the string in its displaced position is always so small that the 
tension T may be regarded as constant. Taking the .v axis of 
co-ordinates in the direction of the undisplaced string, and the 
3 ? axis in the direction of displacement at right angles to the 
string, we require to determine the motion of an element 8 x 
whose displacement is 3 ' at the point x at the instant i. Ji + Fcft) 
and (fi are the angles of inclination of the tangents to the curve at 
the ends of the element Sx, the difference in the tensions acting 
on tlie ends of the element in the direction of the y axis will be 

T I sin {(ft + 8<f)) - pin } ■=■ T cos F<f> =• TS'sin (ft). 

Also the niass of the element 8x is m^x, and its acceleration in the 
direction of y is d^y/dt^, whence 

d^yldt^4) . . . (l) 

Writing sin ,/»--tan ff,—dy/dx when the gradient of the curve is 
small, we have 

dt^~m'dx^- . . . . 

which characterises a wave-motion Iravcllino with a \elocitv 

< 

.... (3) 

The solution of equation (2) is 

y =/(ct -x) + F(ct + x) . • • . ( 4 ) 

representing transverse waves travelling in opposite directions 
with the same velocity c. 

Cf. with equations ( 8 ) and (9), p. 50. 

■ A novel method of proof of the wave-velocity formula (3) has 
been given by Tail* in which the string is drawm through an 

* Encyclppcedia Britannica, 9th ed.. Art. ‘Mechanics.’ 
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imaginary smooth tube with velocity c. The tube is straight 
except for the isolated curved portion which represents the wave 
on the string. If R is the radius of curvature at any point of the 
tube, the force acting in the direction of the normal to an element 
^5 is TSj/R, where T is the tension in the string. Now the 
centrifugal force of the element Sj of mass m per unit length and 
velocity c will be and this must balance the force 

TS.t/R if there is to be no reaction on the tube. Consequently, 
if T6 s/K—m . Ss.c^/K^ c=:\/T/m, and there is no reaction on 
the tube, i.e. the tube may be regarded as absent, and the wave 
travelling along the stnng with the velocity c—'sJT/m. In this 
method of proof, no assumptions need be made regarding the 
smallness of the displacement. 

Reflection. Formation of Stationary Waves—If both ends 
of the string of length I are fixed, the wave is reflected successively 
from each end, and the resultant motion is determined by the 
superposition of the direct or incident wave and the reflected waves. 
The equation of motion expressed in (4) above must now be 
modified to suit the end-conditions of the string where the dis¬ 
placement y must always be zero. Thus we have, when a==0, 
y=0, — F{ct); we may then rewrite (4), 

{ct- t) ~ / (ct + x) .... (5) 

Since y—O when x—l we have also 

f{ct-l “/fcf + l) .... (6) 

or writing 


«=»(ct - 1 ) 

/(«)“/(a+ 20, 

indicating that ^ is a periodic function repeating at intervals of 21. 
Consequently the motion of the string is periodic, the period 
being the time taken for a wave to travel along the full 
length of the string and back again. The frequency of this form 
of vibration is consequently 


t e. 


N “ — where c 
22 


97 v*n 




(7) 


22 

If the displacement y varies sinusoidally with the frequency w«St 



STATIONARY WAVES ON STRING 


91 


may obtain stationary waves on the string. Thus equation (5) 
may be written 

y—a cos n it- or/c) - a cob n{t + t/c), 
which reduces to 

y~2a sin nt sin nx/c 1 .j.. 

=2a sin (27rN0 • sin (27rNAr/c) /' ' ‘ ' ^ 

At a point x along the string the amplitude is therefore varying 
sinusoidally ivith time between zero and 2a. The amplitude of 
successive particles is also varying with distance x according to a 
sine law. The result is a series of loops formed on the string, the 
amplitude varying between 0 and 2a, i.e. the maximum amplitude 
is double that in the initial wave. The condition for the formation 
of loops on a string of finite length I is clearly that in which f Ls a 
^vhole multiple of the length of a l(X)p. At x~0 and xr=zl we must 
have y=0, therefore, from (8), 

sin (27rN//^:)“0 or 27rN//c~ tt, 27 r, JTT, etc. 
Consequently the frequencies of the various partials are given by 

sc s * T 

Ni= or — \l -where s-1.2, 3, etc. . (7a) 

representing a complete harmonic series of tones. The number of 
lci>ps, i.e. half wave-lengths, into which the siring divides is equal 
to s. A few of the modes of vi¬ 
bration are indicated in fig. 27. 

There are a number (.t—1) of 
points which are at rest between 
the fixed ends of the string. 

These points marked N are 
called nodes, whilst intermediate 
points marked A, at which the 
amplitude of vibration is a maxi¬ 
mum, are known as antinodes or loops. Any node might be clamped 
without interfering with the motion of the remainder of the string. 

The string may, of course, vibrate with any number of partials 
at the same time; the resultant sound being characterised by the 
overtones present in addition to the fundamental. The harmonic 
relation of the overtones is regarded as essential to the good musical 
‘quality’ of a vibrating string. 

The laws of vibration of strings, embodied in equation (7a) 
were discovered experimentally in 1638 by Mersenne. They 
may be stated as follows:— 



Fig. 27 
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1. For a given string and a given tension the frequency varies 
inversely as the length. {Note .—This principle was known to 
Aristotle.) 

2. For a string of given length and material the frequency 
varies as tlie square root of the tension applied. 

3. 'Fhc frequency of vibration of strings of the same length and 
subjected to the same tension, varies inversely as the square root 
of the mass ‘in' pci unit length of the string, i.e. varies inversely 
as the .square root of the area of cross-section A and the density 
p of the string (since m=pA). 

These results may be simply deduced by the method of dimen¬ 
sions. /V^suming that the frequency of vibration N is dependent 
only on the length I, mass per unit length m, and the tension Ti 
of the string, 

/. = (L) Ti=(MLT'2) N = (T-M. 

Thus 

Frequency N =T“’ 

and we b.ave 

(length) a —t-j- c~ 0 | 

(mass) h-\- c— 0 > giving c— h— —J/a, a=:—1. 
Time -2c~~l ) 


Consequently, the frequency N 




The Monochord or Sonometer—Example of the application 
of Mersenne’s laws aie to be found in all stringed instruments. 
They are most easily verified by means of the sonometer or mono- 
chord. This consists essentially of a thin metallic wire (steel piano 
wire is usually einjiloyed) stretched over two ‘bridges’ by means 
of a weight hanging over a pulley, or by a spring tensioning device. 
A movable bridge provides a convenient means of varying the 
vibrating length of the wire. It is important that the base on 
which the string and bridges are mounted should be strong and 
massi\'e, yielding as little as possible to the forces of tension 
applied to the string. The vibrations may be excited in any 
convenient manner, c.g. by plucking, striking, bowing, - or by 
electromagnetic means. The rnonochord is very useful as a 
means of comparing frequencies (see also p. 107). Fixing the 
tension of the string, the length which tunes to a fork of standard 
frequency is determined. The corresponding length for the 
‘unknown’ note is also found, and the ratio of frequencies is the 
inverse ratio of the lengths. Sonometers are often provided with 
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a second wire of fixed length and tension to provide a standard 
frequency as a basis for comparison. The use of the frequency 
formula, equation (7), for the absolute determination of pitch 
does not permit of great accuracy on account of the difficulty 
of measuring the tension, which is liable to variation on opposite 
sides of a bridge. The ‘effective’ length of a string is rendered 
somewhat uncertain by the stiffness of the wire, and the frequency 
is further affected by yielding of the bridges. 

The various overtones, in this case harmonics, of a string may 
be very simply demonstrated by the rnonochord. If the string 
is lightly damped at the midpoint, by touching it gently with the 
finger, and then plucked, it will be found to vibrate in two loops. 
The antinodes, if of small amplitude, may be easily located by 
means of small paper riders arranged at short intervals along the 
wire. Tf the string is touched at a point one-third of its length 
from thf^ end, it will vibrate in three loops. Similarly it can be 
made to vibrate in four, five, or more sections by touching it at 
onc-fouith, one-fifth, etc., of its length from the end. 

Small Motion at the Nodes of a String—It is generally agreed 
that the nodes of a siring which is maintained permanently in 
vibration in two or more loops cannot be points of absolute rest, 
as the energy requisite for the maintenance of the vibrations is 
transmitted through these points. The problem has been in¬ 
vestigated by Raman,* w'ho has shown that these small motions 
at the node differ in phase by a quarter period from the vibrations 
of the rest of the string. By attaching a thread to an obliquely- 
set electrically-maintained tuning-fork, and to various points of 
the vibrating string, it was found that points of the string in the 
loops describe ‘figure of eight (8)’ curves, whilst the so-called nodes 
describe very flat parabolas, the chief motion being longitudinal. 
S. Rayt has shown that the velocity of a transverse wave on 
a string is a function of the ratio a/\ . where a is the amplitude 
of vibration and \ the wave-length. (The ordinary theory assumes 
the wave-form to be very flat, and consequently the velocity is 
independent of a and \.) When a/\ is constant, or the waves 
are geometrically similar, the velocity of propagation is constant, 
but not otherwise. The velocity of a wave therefore cannot be 
independent of the amplitude of vibration. On this basis^ S. Ray 
explains the motion of the nodes of strings as investigated by 
Raman. 

♦ Nature, 82, p. 9, Nov. 4, 1909. t Pbys. Rev., 28, p. 229, July 1926. 

t Ibid,, 1321, Dec. 1926. 
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Stiffness of Strings —The definition of a siring given above 
requires that the string shall have no ‘stiffness,’ i.e. shall require 
no force to bend it. A stretched steel wire, at the point where it 
passes over the bridge of a monochord, reveals the weakness of 
this theoretical assumption; especially if the wire is moderately 
thick. At such a point the ‘wire’ is tending towards a ‘bar’ or 
rod, in which elastic forces are called into play w^hen bending takes 
place. A short length of steel wire clamped at one end has a 
definite period of transverse vibration of its own due to this 
inherent stiffness which we have hitherto ignored. In the case 
of a wire having finite stiffness, the restoring froce acting on an 
element displaced from its normal position consists of the com¬ 
ponent of the applied tension acting ‘inwards,’ plus an elastic 
force called into play by the bending of the wire. Thus the total 
restoring force is increased with a corresponding increase in 
frequency. Savart, w’ho first investigated this effect, obtained 
the result Ni^=N^-f-No®, where Ni is the observed frequency, 
N the calculated frequency for an ‘ideal’ string (see equation (7)), 
and No is the frequency with which the string would vibrate at 
zero tension (».<?. by the virtue of its own stiffness). Rayleigh* 
has determined the effect of stiffness and finds that the frequency 
of a wire is increased in the ratio 1 : ( 14 -B.s^ 7 r®/ 2 TZ^), where B 
is a quantity depending on the material and form of section of the 
wire. Donkinf has calculated the frequencies of the hannonic 
series of a ‘stiff wire of circular section, viz. 



where r is the radius of section and E is Young’s Modulus of the 
material of the wire. The second term in brackets represents 
the correction factor for the ‘stiffness’ of the wire. It will be 
seen that the correction is small for the fundamental (r=l) of a 
wire of small radius of section, but becomes more and more im¬ 
portant as the number of loops s increases. An increase in the 
number of loops has, from this point of view, a similar effect to 
a decrease in length I of the wire. 

Taking the case of a steel wire of length 50 cms., 0*5 mm, 
diameter, subjected to a tension of 10^ dynes (about 25 lbs. weight), 
the fundamental frequency is found to be approximately 1*00012 

• Sound, 1, p. 207 ; and E. Allan {PM. Mag., p. 1324, Dec. 1927) ; 
oee also Lamb, Sound, p. 133. 

t Donkin, Acoustics. 
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times that of the ideal wire. The same wire vibrating in 5 loops 
(i=5) would have a frequency 1*003 times that of the ‘ideal* 
string—the correction is here more important. When the stiff¬ 
ness of the string is taken into account, not only is the fundamental 
raised in pitch but the overtones are raised in pitch in increasing 
proportion. Consequently the fundamental and overtones of a 
'stiff* string no longer form an exai:t harmonic series. With the 
strings usually employed in music these slight divergences from 
the ideal string are not of serious importance. 

Yielding of the Supports—Rayleigh* has calculated the effect 
on frequency produced by yielding of the supports, or bridges, 
carrying the tensioned wire. The principal cases are examined 
in which the supports have (a) negligible mass, but a very large 
spring factor jw, and (6) negligible spring factor but very large 
mass. In the former case the effect of the yielding is the same 
as that due to an increase of length of the string in the ratio 
1 : {l-\-2T/ft 1). In the latter rase, where mass predominates, the 
effect is equivalent to shortening the string in the latio 

W^hether the frequency of the string will be raised or lowered 
by the yielding of the supports depends therefore on the sign 
of the correction factor, i.e. whether the natural frequency of the 
yielding support (of mass M and stiffness M ) is lower or higher 
than that of the string. In case (a) there is a proportionate 
lowering of frequency for all overtones, which therefore still form 
a harmonic series. In case (6), however, the proportionate rise 
in frequency is greater the lower the harmonic component {i.e. 
the smaller s). 

Loaded Strings —It will be clear that any noimal mode of 
vibration of a string having a node at the point to which a load is 
attached will be unaffected by the presence of the load. The 
fundamental will, of course, be reduced in frequency. Thus if 
a load is attached to the midpoint of a string the even harmonics, 
having a node at the centre, will be unaffected, whereas the odd 
harmonics will be lowered in frequency. The harmonic relation¬ 
ship is therefore disturbed by the addition of a load at any point 
of a uniform string. Rayleigh (1, p. 205) calculates the period 
of the fundamental vibration of a string of mass m per unit length 


* Sound, 1, p. 203. 
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carrying a load Af. (large compared with mass of string) at its mid¬ 
point, viz. 


Period =* ot 



1 + 


ml 

6M 


) 


( 10 ) 


If the mass of the string mf is small compared with the added load 
M this becomes 


Period ’=■ ic J lAllTl, 


a result which may be deduced directly from simple dynamical 
considerations. For example, if the mass M is displaced a 
distance y from its nonnal position and released wc have 

U<Py/di:-=-2T sin (9, 

where 6 is the inclination of the displaced string relative to its 
zero position. Now sin Q is equal to 'ly/l (approx.), consequently 


«v_ 

I ’ 


n 1 I 'T* 

whence “*4T/Mf, The frequency N=_-= \ , and the 

period"^ ^ A load distributed uniformly along the whole 


length of the string merely adds to the eflectivc mass per unit 

length rn of the string without adding to its stiffness (if ihi can 

be assumed), the result being a lowering of frequency of the 
fundamental and all the overtones in the same ratio. Use is made 
of this type of loading in the lower strings of a pianoforte. In 
order to obtain a sufficiently low frequency within the limits of 
length and tension possible in the instrument, the lower strings 
are loaded with a closely wound layer of wire. I’his increases the 
mass without appreciably increasing the stiffness. 

Methods of Producing Vibration in Strings. Quality—A 

stretched string may be set in transverse vibration in a variety 

of ways. Plucking, bowing, and striking are the more familiar 

methods, exemplified in the harp, the violin, and the piano 
respectively. A string may also be set in vibration by forced 
oscillation of a point of support or of some point intermediate 
between the fixed ends. Melde’s classical experiment, in which one 
end of a string is attached to ^ vibrating tuning-fork, is an example 
of the former, whilst the electromagnetically maintained wire 
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described pn pp. 79 and 106 exemplifies the case of forced excita¬ 
tion at an intermediate point. It will be appreciated that the 
method of excitation has a very impoitant influence on the form 
of the wave which travels along the string. A Fourier analysis 
of this w'ave reveals the relative amplitudes of the various 
hannonics present in the disturbance. Now the quality of the 
note emitted by the wire is dependent essentially on the relative 
amplitudes of the various overtones which are added to the funda¬ 
mental tone. It is just this addition of overtones which makes.it 
possible for the ear to distinguish between the sounds of a piano, 
a violin, and a tuning-fork emitting the same note. If the pure 
fundamental tones could be separated in each of these cases they 
would be indistinguishable from one another. The overtones 
introduce the necessary quality which is so important to the ear. 
It is therefore necessary to consider the influence of the mode 
of excitation on the production of overtones. 

The general foim of the, displacement of a stretched string 
is given by equations (2), (3), and {■!) on p. 89. Equation (4) 
represents two waves travelling with equal velocity \/T/m in 
opposite directions. When these waves arc reflected at the fixed 
ends of the string and are superposed oti the incident waves, 
stationary waves are formed and the wire is divided into nodes 
and loops in a manner dependent on the form of the incident 
waves, i.e. dependent on the method of displacing the string. In 
the case of the fundamental type of vibration in which the string 
form.s one kxip only (I— A /2 j, the displacement 3^1 in the stationary 
waves is given by equation ( 8 ), p. 91, where N—c/2/, that is, 


, . war . ^ct 

1/j “A Rin — • sin - - 

L V 


In the case of the j'* harmonic {l=s\/2) and N—sc/21, 

. . I war\ . / xct\ 

Vi — Am sin . -- j Ein \s . “I 


( 11 ) 


(1‘2) 


The resultant vibration of the string will generally be complex 
and dependent on the mode of excitation, consequently the 
resultant displacement will be represented by the summation 
from s= 1 to TO of a complete Fourier series involving sine and 
cosine terms (see p. 26), thus 


»-1 


V 
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This is the most general solution of the motion of a string. The 
equation was first obtained by Bernoulli in 1755. The constants 
Og and hs will of course depend on the special circumstances of the 
vibration, and may be expressed in terms of initial values of y 
and y ■ In equation (13), when representing the string in 

its initial or ‘starting’ position, the coefficients of and 


y-'Z 


aa sin 


Similarly 


bs sin - (the coefficients of as being zero) 


The values of the coefficients a, and bg in (14) may be determined 
as in the case of Fourier's Theorem (p. 26 et seq.). Multiplying 
by sin {sirx/l) and integrating from 0 to /, we find 


2 r* s^x , 

Os“T I T 

i 0 I 

, 2 . . sJtx , 

bg — I y sin . ax 
5rcsi/ 0 I 


Equations (13) to (15) may now be used to calculate the motion 
of the string in particular cases, assuming the condition of the 
string at one particular instant is known. 

Strings Excited by Plucking or Striking—If the initial dis¬ 
placement of a string be produced by ‘plucking,’ i. e. by pulling 
aside at one point and suddenly releasing, the wave-form which 
travels along the string will depend on the nature of the bend in 

p the string at the point of 

^plucking. We shall assume 

^- P that the displacing force 

A _ __. 8 2 icts at a particular point G 

Fig. 28~ 28) * 

Actually, of course, the 

force must act on an element of appreciable length. Let the co¬ 
ordinates of the ‘plucked’ jjoint P of the string at the instant t=0 
be x=d and y= 0. Between A and P, y=/jxld; between B and P, 
y= {l—x) /{l—d) i consequently from equation (14) w'C obtain 


2/?r X . SJEOJ, , r* 1 

fla * T I " 9in ~~dx r I -— -am —-dx - - 
* od I V aX “ d X J 3c 


2 ^ 1 ® , iJtd \ 
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This relation indicates that the r*'* harmonic will disappear when 
sin (jird//)=:0, that is, when sd/l is any integer, or whenever there 
is a node of the 5 '* harmonic situated at P. If the string is divided 
into s equal parts and is plucked at any dividing point, the j*"' 
harmonic will be absent from the resultant vibration. This 
principle also shows, in the case of a string at rest in its eejuilibrium 
position, that it is impossible for any force applied at the mid¬ 
point of the string to produce any even harmonics. If, after the 
application of a force at the midpoint, this point be damped by 
touching it lightly, the string will be brought to rest; for the odd 
harmonics cannot persist with a node at the midpoint, and the 
even harmonics were absent initially for the reason given above. 
Thomas Young* flh41) jirovccl experimentally when any point 
of a string is plucked, struck, or bowed, all the overtones (or 
partials) which retjuire that point for a notle will be absent from 
the resultant vibration. 

The relation for n. given In (15) indicates that a string plucked 
in the abo \'0 manner has the full harmonic scries of overtones, 
the amplitude varying inversely as i.e the amplitude of the 
partials falls olf rai)idly towards the higher frequencies. The 
quality of the resultant tone depends on the ratio d/l, and conse¬ 
quently varies with the point of plucking the string, 

Tt must be remernbered that the foregoing treatment refers to 
an ‘ideal’ string. As we have seen, the ‘stiffincss’ of an actual 
string causes a slight departure from the harmonic series. Oam])ing 
due to internal friction is another factor which has a similar 
tendency—its efi'ect becoming more important at higher fre¬ 
quencies. Since the, higher partials are damped most rajildly, 
the tone of a plucked string improves in purity {i.c. tends towards 
the fundamental S.H. type) as it diminishes in loudness. Well- 
known examples of plucked string instruments arc the harp, 
guitar, mandolin, banjo, and various ‘jazz’ instruments. 

When a string is excited by striking, comjdicalious arise due to 
the finite lime of contact of the striking hammer with the string. 
The general features of the vibration j)njduccd by striking are 
much the same as those in which the string is plucked, but the 
motion is complicated by the fact that the point of the string w'hich 
receives the blow of the hammer is displaced before the remainder 
of the string. The resultant w'avc-form is therefore dependent 
on a number of factors, including the duration of the blow, the 
velocity of the hammer, and the relative masses of the hammer 


* .Set; Tyndall's Sound, pp. 118-124. 
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and string. During recent years a considerable amount of research 
has been carried out in connection with tliis complex question. 

Various theories have been developed, notably those of Plelm- 
holtz and of Kaufniann.* * * § In both theories the assumptions made 
relative to the mode of contact between hammer and siring are of 
a somewhat artificial character when compared with the actual 
conditions experimentally detennined.f As in the case of the 
plucked string, the harmonic is absent if the string be plucked 
at one of the nodes corresponding to this harmonic. Tlie more 
abrupt and localised the blow, the greater the relative intensity of 
the higher harmonics. Harmonics above the sixth are considered 
undesirable in a pianoforte string, consequently the hammers are 
covered with felt to reduce the suddenness of the impact, and the 
blow is struck at a point from one-seventh to one-ninth the length 
of the string from the end.J As Helmholtz has pointed out, all 
overtones above the sixth are dissonant tones which must be 
suppressed by making the striking-point coincide with a node for 
these overtones. 

Recent work on the elastic impact of a pianoforte hammer has 
thrown some light on this difficult problem. Bhargava and 
Ghosh § have shown that the elasticity of the hammer felt must 
be taken into account in calculating the duration of impact. With 
this addition, Kaufmann’s theory, which refers to the unyielding 
hammer, agrees well with experimental results. Ghosh and 
Deyjj have subsequently verified the theoretical deductions by 
a pliotographic method. W. H George ^ has investigated by 
an oscillographic method the duration and mt^de of contact 
between metallic hammers and strings, and has found in some 
cases momentary separation between hammer and string. The 
existence of important pressure variations and the instants of 
their occurrence during the impact have been established. The 
results obtained cannot be explained on the theories of Helmholtz, 
Lamb, or Bhargava-Ghosh, but may be reconciled with those of 
Kaufmann, Das,** or Raman-Bancrji. Using a suitably designed 

* Helmholtz, Stnsatiivis of Tone-, and Kaufmann, !f‘'ied, Ann., 54, (1895). 

tSee papv.r8 by G. H. Berry Mag., 19, p. 6'18, April 1910); (i. H. 

Bryan (Phys. Soc. Prec., 25, 1912-13); C. V. Raman and B. Banerji 
(Proc. Roy. Soc., 97, ,p, 108, 1920). 

t Tyndall, Sound, p. 122. 

§ Phil. Mag., 49, p. 121, Jan. 1925 ; and Phys. Rev., 24, p, 456, Ocl, 1924. 

[| Ind. Assoc. Cult, Proc., 9, 1925. 

KProc. Roy. Soc., 108, p. 284, 1925; and Phi/. Mag., 49, p. 97; and 
SO, p. 491, 1925. 

•• P. Das, various papers in Ind. Assec. CuU. Proc., 7, 9, and 10. 
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metal hammer, equivalent to a pendulum, George and Beckett* 
have shown that the loss of energy on rebound from a string 
struck transversely is a measure ol the energy communicated to 
the siring. As the position of the impact moves away from a 
bridge the energy lost by the hammer increases exponentially until 
a point of maximum energy-loss is reached. This point is nearer 
the bridge, the heavier the hammer. Measurement of the duration 
of the impact shows that f(;r maxiiniun energy-loss by the hammer 
the conditions are such that the liammcr xvbounds just before the 
wave reflected from the farthm- bridge reaches the p(3int of impact. 

P. Dasf has developed a theory of an elastic pianoforte hammer 
which explains why a hard hammer inijjarts a piercing quality to 
the lone and why, with an elastic Ixammer, the tone begins to lose 
its softness at high impact velocities. The dynauiics of the 
damped pianoh i1c string have been studied by M. Ghosh,J the 
theor>' indicating that the string behaves as if loaded so long as 
the hammer is in contact with it. 

Strings Excited by Bowing—.Maxiy attcmjiis have been made- 
to develop a theory for tiie vibrations of a bowed string, but up 
to the present none of these can be regarded as completely satis¬ 
factory. Helmholtz in 1861 gave an exi)lanation of the mode of 
vibration of a violin string which is in tolerably good agre.emcnt 
with observation. He observed the motion of a bowed string by 
means of the vibration microscojjc. The latter was usti:d to view 
an ilhiminatecl particle attached to the string, the ‘microscope’ 
(ohiexiive) being mounted on a prong of a tuning-fork (electrically 
maintained) vibrating in a direction at right angles to the vibra¬ 
tions of the string. The Lissajons figures thus obscrv'cd served 
to indicate the nature of the vibration of the string. Helmholtz § 
concludes: “We learn therefore by these experiments: 

“(1) The strings of a violin when struck by the bow, vibrate 
in one plane. 

“(2) That every point of a string moves to and fro with tw^o 
constant velocities. 

“These two data are sufficient for finding the complete equation 
of the motion of the whole string. It is the following ; — 

It Ih 

* Proc. Roy Soc., 114, Feb. 1927. i Proc. Phys. Soc., 40, p. 29, 1927. 

t Indian J. of Phys., 12, Part 5, p. 317 ; and Pari 6 ; p. 437, 193R. 

iPhil. Mag., 21, 393-m 1861. 
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T is the duration of tlie vibration and A an arbitrary constant. 
A comprehensive idea of the motion represented by this equation 

may be given in the fol¬ 
lowing way: Let ab, fig. 
29 (g), be the equilibrium 
position of the string. 
Duiing the vibration its 
forms will be similar to 
acb, compounded of two 
straight lines ac and cb, 
intersecting at c. Let this 
point of intersection move 
with a constant velocity along two flat circular arcs, lying sym- 
mertically on the two sides of the string, and passing through its 
ends, as represented in fig. 29 (a). A motion the. same as the 
actual motion of tlie whole string is thus given. As for the motion 
of every single })oint it may be deduced from the above equation 
that the two parts ah and he (see fig. 29 (6)) of the lime of every 
vibration arc proportional to the two parts of tiie string which are 
separated by the obscived point. The two velocities, of course, 
are inversely proportional to the times ab and be. In that half of 
the string which is touched by the bow', the smaller velocity has 
the same direction as the bow; in the other half of the string it 
has the contrary direction. By comparing the velocity of the 
bow with the velocity of the point touched by u, I found that this 
point of the string adheres fast to the bow and partakes of its 
motion during the time ab, then is torn off and jumps back to its 
first position during the time be, till the bow again gets hold of it.” 
After remarking on Young's law that all component vibrations are 
absent w’hich ha\e a node at the point of excitation, Helmholtz 
refers to the suppression of high overtones which arc dissonant. 
“Near the end of the string, where the bow is commonly applied 
by players, the nodes of different harmonics arc very near to each 
other, so that the bow is nearly always at, or at least very near to, 
the plane of a node.” 

Helmholtz’s observations indicate that the note produced by 
bowing has the same pitch as the natural note of the string. The 
vibrations, apparently forced by the bow, may therefore still be 
regarded as free. Although the energy for maintenance comes from 
the bow, the note is determined by the string. The intermittent 
• dragging action of the bow serves to maintain the natural vibra¬ 
tion of the string in the short intervening periods, Rayleigh 
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suggests that the sustaining power of the bow depends on the fact 
that solid friction is less at moderate than at small velocities. 
Consequently when the part of the string acted on is moving with 
the bow (not improbably with the same velocity) the mutual 
action is greater than when the string is moving in the opposite 
direction with a greater relaiive velocity. “The accelerating 
effect in the first part of the uiolion is not entirely neutralised 
by the subsequent retardation, and an outstanding acceleration 
remains capable of maintaining the; vibration in spite of other 
losses of energy.” 

'I’he foundations of a mechanical *lieory of bowed strings have 
been laid during recent years princijjally by the researches of 
C. V. Rarnan.'^ One of the outstanding cjucstions which is not 
yet fully cleared up is the manner in which the cweitcjnes of the 
bowed string are influenred by the j^u'^ition of the bow'ing point. 
The problem is cotTiplicatcd by other vaiiahlc factors which 
irifluenct', the charaetei of the overtones, vi/. the bowing ])ressnrc 
and speed, and the width of the region of contact between the bow 
and the stjhig. Rarnan has found in these investigations that the 
vibration-cinVP of a jroint on the string departs sliglitly from the 
Helmholtz two-step zigzag; one of lire motions being uniform 
and the other fluttering, ^’^cung’s theorem is verified, the 
anrpliinde of a partial bring zeict for a Irowing at its node, and the 
phase of that partial passes disconiinuonsly from -{-7r{2 to —Tr/2 
as the bowing point passes that node. 

Wolf-Note —On all stringed instruments of the violin type a 
certain note can be found which it is difficult, and often impossible, 
to produce by bowing. When this “wolf-note,” as it is called, 
is sounded, the whole body of the instrument vibrates in an un¬ 
usual degree. At this pitch the bow refuses to ‘bite’ and a soft 
pure tone cannot be obtained. If the pressure of the bow on the 
string is increased, die tone resulting is often of an u isleady nature 
with variable intensity. G. W. Whitest examining the point 
experimentally by a photographic method, came to the conclusion 
that the pitch of the wolf-note was about that of best resonance 
of the belly of the cello on which the experiments were made. 
Further, the fluctuations of intensity were showm to correspond 
to waxing and waning of the vibrations of the belly. C. V. Raman J 

♦ (1) Ind. Assoc, for Cult, of Sdtnce, J3, pP- 1-158, 1918; (2) Phil. 
Mag., 38 , pp. 573-581, Nov. 1919. 

tCPm6. Phil. Sec. Proc., 18 , pp. 85-88, June 1915. 

t Nature, 97 , pp. 362-363, June 29, 1916. See also Kar, Datta and 
Ghosh {Indian J. Phys., \ 25 , 423, 19.51, and 26 , 577, 1952. 
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gives a.somewhat different explanation. He suggests the effect 
depends on the fact that, when the pressure of the bow is less than 
a certain critical value proportionate to the rate of dissipation of 
energy' from the string, the principal mode of the string’s vibration, 
in which the fundamental predominates, is incapable of being 
maintained and passes over into one in which the octave is 
prominent. When the bow sets the string in vibration, the belly 
of the instrument is stiongly excited by sympathetic resonance, 
and the rate of dissipation of energy' increases beyond the limit 
to which the bow can maintain the fundamental pre-eminent; the 
vibration of the string, therefore, changes to that in which the 
fundamental Is feeble. These views are confirmed by a photo¬ 
graphic reccul of simultaneous vibrations of string and belly. 

Strings as a Source of Sound. The Sounding-Board—In 
the foregoing treatment we have, in general, regarded the string 
as uolaii'd by its supports nr bridge.s, whereas in reality it is 
connectfd by these supports to some fcjrin cf base. The siring, 
in perfonning its vibrations, reacts on its end supports, which in 
turn react on the base. We have seen fp. 65) that on account of 
the local reciprocating flow in the air surrounding a vibrating 
wire, the latter acts as a double source of very feeble strength. 
Consequently a vibrating wiie rigidly supported woidd radiate 
extremely little sound energy into the surrounding medium. 
When it is desired, therefore, to employ a vibrating string as a 
source of sound, c.g. in all stringed musical instruments, it is 
essential that its vibrations should be ‘transformed’— i.e. trai»s- 
ferred to another body which is more .suitable to transmit vibra¬ 
tions into the surrounding medium. This office is performed by 
the sounding-board, which must be connected to the string by 
suitable flexible supports. In this manner a much larger vibrating 
area is brought into contact with the medium (air usually) and 
the rate at which energy is radiated is greatly increased. The 
sounding-board of a piano and the belly of a violin radiate practi¬ 
cally all the energy of .strings. It is important in a good stringed 
instrument that the sounding-board should possess no predominant 
resonance, frequencies of its own, Qtherwi.se these will reinforce 
disproportionately corresponding frequencies of the strings. In 
certain cases of such resonance, 6.g. the ‘wolf-note’ quoted above, 
the energy absorbed from the string and reradiated by the sounding- 
board may become so great as to be comparable with the total 
energy supplied, in which case the reaction on the string becomes 
excessive. 
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The manner in which a string communicates its vibrations to 
the sounding-board is illustrated in its simplest form in lig. 30, 
where AB represents the 
vibrating siring, AG and 
BD the flexible supports 
or bridges, and CD the 
sounding - board. T h c 
effect of the motion of 
the string is to bend the upper ends of the supports inwards 
when it is at the u[)ppr and at the lower limits of its vibra¬ 
tion. 'rhe supjioits therefore vibrate at twice the frequency 
of the string, 'riic sounding-boaid, however, vibrates with the 
xanic frequency as the string, the corresponding positions 1 and 2 
being indicated in fig. 30. I'he jwocess will be evident from 
rraisidcration of the cUagiain. The anijdilude vibration of the 
base will of rnur.se drjicnd to a large extent on its mass and stiffness 
relative to the ctjrrcsponding quantities for the wire. The naltire 
of the supports AC and BD will also influence the result (see also 
p. 95). If the base-board and supports of the wire did not yield, 
there would be no appreciable emission of sound flora the wire. 
The exact tuning of a stretched string and a tuning-fork is some¬ 
times tested by pressing the stem of the fork on one of the end 
siqiporls of the wire—in this prwess it is tacitly assumed that the 
end support of the string is in motion when the string vibrates 
transversely. W. H. George* has dctemiincd the amplitude of 
this end-motion of the string and the variations of tension which 
the string undergoe*; during vibration. The length I of the 
disy)lared string is given by 

I " r v'' 1, + (dyldxY . dr, 

0 

in which y is given by equation (13) on p. 97. 

In the case of the fundamental form of vibration 

yz=:A sin (7r,v//o) 
and 



W. H. George, Phil, Mag,, 49, p. 97, Jan. 1925. 



Fic. 30 
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where 


K-A.’t/io and 4> = 3rxllo. 

The change of tension 

BT=7rr-Y/{l/U-\) (Y=Young’s modulus). 

The extension of the wire must not exceed the elastic limit, con¬ 
sequently there is a maximum permissible amplitude with a given 
tension in the wire. For maximum emission of sound energy the 
tension and amplitude must be as large as possible, i.e. a wire with 
a large breakitig stress, or tenacity, is required. Wolfenden* 
states in this connection: “It is not too much to say that the 
iinpro\emcuts made during the last century in the tenacity and 
elasticity of steel wire have rendered the modem piano possible.” 
Greater tenacity in the wire ultimately results therefore in in¬ 
creased sound output with increase of intensity and duration of 
tones. The design of sound-boards for various types of stringed 
instruments is a very complex problem which is largely dealt with 
on an empirical basis by those experienced in the work. Experi¬ 
mental studies have been made by various investigators, notably 
E. If. Barton,t of the nature of the vibrations of the sounding- 
boards of the violin, pianoforte, and other stringed instruments. 
In these investigations simultaneous photographic records are 
made of the vibrations of the string and that part of the ‘body’ 
of the instrument under consideration. 

Strings Excited by Electromagnetic Means —We have so far 
considered only impulsive or discontinuous forms of excitation. 
The most direct and simple means of obtaining continuous or 
maintained vibrations in a stretched string is undoubtedly the 
electromagnetic method. We have already referred to one 
electromagnetic method of maintaining the vibrations of a 
steel wire (see p. 79). In this method the string carries a 
contact breaker which interrupts the current in an electro¬ 
magnet as the wire vibrates. The form of maintenance of tlie 
vibrations is analogous to that of the electric bell. A second 
form of maintenance of vibrations also employs a contact breaker, 
or interrupter, but in this case the interrupted current passes 
through the wire itself. The latter may be of any non-magnetic 
material having suitable elastic properties. Near its midpoint 


* Treatise the An x/f Pianoforte Construction, p. 16, .'916. 
1 E. H. Barton, Sound, 
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the wire passes through the transverse field of a magnet (permanent 
or electromagnet). The current through the wire reacting on 
the steady magnetic field causes corresponding motion of the wire 
at right angles to the field. The force acting on the wire is equal 
to the product of current, strength of field, and length of wire in 
the field. The harmonics in the wave-form of the current passing 
through the wire may, if desired, be suppressed by electrical 
tuning. An interrupter of this kind was descril)ed by Arons.'^ 
It gives a very steady and easily adjustable frequency. A tliird 
method of maintaining a wire in continuous vibration by electro¬ 
magnetic means is analogous to the second method, but in this 
rase the wire is not self-maintained. Altcniating current of con¬ 
trollable frequency is sujjplicd {c.sj. from a valve oscillatoi*) to 
the wire, part of ^vhich lies in a strong magnetic field. When the 
frocjucncy of the curicnt (•(')incid(‘s with cnc of the possible 
harmonic fn'quenrii's of tlu' wire a laige amplitude vibration is 
set up. AUeri’.atively the fiecjuency of the wire may be tuned to 
that of the cuneiU bv var\’iug the tension by means of any con¬ 
venient Vontinuous’ form nl tensioning device (c./j. a strong 
lielical spring extended by means of a screw cajrablc of coarse 
and fine adjustment). 'This method is extremely convenierit and, 
by suitably disposing the permanent magnet, i.e. by controlling 
the point of mechanical ('xcitation of thi‘ wire, it is prrssible to 
obtain the higher harmonics. The principle involved is of course 
that of the Einlhovctj string galvanometer (or oscillograph), w’here 
a very fine conducting fibre is caused to vibrate in a magnetic 
field by virtue of the small alternating currents passing through it. 
In the oscillograph, however, resonance frequencies are avoided 
as far as possible, whci-eas in the present application, as a source 
of continuous sound, resonance is encouraged. The. principle 
has been applied by I). W. Dycf at the Na ional Physical 
Laboratoiyf, Teddington, in a siandaid sonometer or monochord— 
the instrument being used mainly to determine audiofrequencies 
without the necessity of employing a large range of tuning-forks. 
This instrument makes it jrossiblc to measure or adjust an elec¬ 
trical frequency with an accuracy of 1 in 1000 over a consider¬ 
able range. The sonometer is shown in fig. 31. The design 
is very simple. A phosphor-bronze wire 0*3 ram. diameter 
has a weight hung on its lower end and is thereby tightly strained 

* L. Arons, Wied. Ann,, 66, p. 1177, 1898 ; and E. Orlick, Elokt.-Zeits,, 
24, p, 502, 1903. 

•fSee NJPJt. Annurd Report, p. 83, 1924. 
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between a fixed upper nodal point in the form of a V groove 
(fonned by two very small steel balls in contact) and a lower groove 
formed by a little 


wheel about 4 mm. 
diameter on a light 

cr\irkHlA I Hic il'‘'.STtriV. 


steel spindle. This 
lower nodal point is 
on a carriage which 

can be racked up and . '^y.. ■.\' /■ V' 

down on slides cover- ’ '' ’■ 

ing nearly the whole 
length of the wire. 

The carriage has two ‘ 

pointers, which indi- ' . 1 j | i 

cate the frequency on 

direct reading scales. 

A small alternating 

current passes through 

the wire, a })ortion of H 

which lies between the 

poles of a permanent 

magnet mounted so 

that it can slide along 

the length of the wire. g'-' 

When the free length 

of the wire is such 

that its frequency of 

vibration^ in a single 

loop or in a number /I 

of loops is equal to ■■■■■•£" 

that of the source, a ' ^ 

large resonant vibra- ' ‘.i " I-’ 

tion occurs. The wire '?' '.'.y. ■'' ' 

can be made to vib- vV-i! V |H| 

rate in any number of ’■r.* .j ;v- 


3f •'"'•f 




*1 • ■ 

I***.. I 'll 




■ ^ gioovc formed 

■ •■'.i. •'. 

’ > »i> eon tact 

' ■ . ' r-rtj Permanent mag* 
' ’ ■* net embracing 
wire 

';. ■ ,"■''rhosplior-bronie 
"ire 03 ram. 
■t ' dt.iineter 

V groove pulley 


Scales of fre- 




-Small V -groove 

>.■ •) P“*'ey 




n*. / '• ■ 




Tensioning 

weight 


loops {up to 10) pro¬ 
vided the magnet does 


Fio. 31 —Dye’s ‘ Sonometer ’ 


not coincide with a node (Young’s law). It is thus possible 
to cover a wide range of frequencies by means of a number of 
scales. When vibrating in a single loop, the range is 200 to 400 ] 
for two loops 400 to 800; for three loops 600 to 1200; for five 
loops 1000 to 3000; for ten loops 2000 to 10,000 cycles per second- 
The range for one loop also serves for two loops (using a multi- 
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plying factor 2), but the other ranges require separate scales 
because the stiffness of the wire causes these scales to depart 
from exact multiples of the unit scale. By this system it is never 
necessary, except oii the highest range, to use a length of wire 
shorter than half the inaximuin, and so the accuracy of reading 
can be kept high. Over the whole range a change of frequency 
of 1 in 1000 corresponds to a length of wire not less than 0*4 mrn. 
The error of a setting is less than half this length under any con¬ 
ditions. The power taken by the apparatus is only about 1 milli¬ 
watt to give a good sound above 300 cycles per second or to give 
visible loops at lower frequencies. Frequencies belw’cen 100 and 
200 are obtained by using a weight of one quarter that used for 
the other ranges. 

When such a vibrating wire is used as a frequency standard, 
it is important of course that the suy)[)or(ing base and ‘bridges’ 
should be as rigid as possible. When the w'irc is to be u.sed 
as a source of sound, however, a certah) amount of yielding of 
the bridges and flexibility of the base—the sontiding-board—is 
essential. 'I’hc dilTerence in application i.s cxcir>])li(icd in the 
monochord, as a frequency-measuring device, and the violin, which 
is essentially a sonnd-jjroducinir device. '^I’he radiatifm of sound 
energy from the sounding-boaid results in increased damping of 
the \'ibrations of the wire. Thus the. amplitude of the vibrations 
in a well-constructed monochord will be large and persistent, 
compared w'ith the corresponding vibrations in an instrument 
with flexible supports and base. 

Reaction of Surrounding Medium on a Vibrating Siring— 
Assuming a vibrating wire is rigidly supported, its vibrations are 
influenced only by the medium and internal friction. Neglecting 
the latter quantity we have to consider the added mass (due to a 
layer of the medium moving bodily with the wire), the radiation 
of sound energy and loss of energy' due to viscosity ol the medium. 
The })roblem was investigated nialheinatically by Stokes,* Avho 
showed that the damping coefficient k is given by 

/f = \/ 27irf*,'Po(^ 

where n/2v is t.be frctpiency, ft the viscosity, and p the density of 
the medium, w'hilst /» is the volume density of the material of the 
string of radius of section a. FI. Martin f has attacked the 
problem experimentally. He observed, by means of a microscojje, 
the vibrations of an clectrically-inaintained wire in various liquids, 
obtaining resonance curves which indicated both the jcsonant 

• Ctttnh, PhU. Soc, Trans., 9, p. 0, 1856. 

fAnn. d. Physik, 77, p. 627, 1925. 
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frequency and tlie damping coefficient. His experimental results 
lead to the empirical formula 

k ^ 1*J5 n/ npf(/Pi)a^ 

which is in good agreement with Stokes’s calculation. 

When massive wires vibrate in air at audible frequencies, the 
damping due to the above causes is relatively small, but when 
the wire is very fine and the frequencies relatively high, the value 
of k may reach serious proportions. 'I’liis is particularly the case 
in the Einthoven string galvanometer, where a string of silvered 
quartz \ ft or 2fi thick (l .v=10 rnin.) is sometimes required to 
vibrate at a frequency of several thousand cycles per second. 
Recently W. E. Einthoven* has tuned such strings to radio- 
frequencies, of the order 3X10"* cycles per second, when the 
viscous damping in air at ordinary }>ressures would be so great as 
to render the suing extremely insensitive. }3y enclosing the 
string (I mm, long; in a high vacuum (<lC~‘Ur]m. Hg), however, 
liie sensitivity obtained was ciuite satisfactory when the frequency 
of the string was tuned to the incoming ‘wireless’ signals. When 
such fine strings are used the damping is of course almost entirely 
air-damping. The problem of the vibration of Einthoven 
‘fibres’ has been thoroughly investigated by H. Ik Williams,! 
who gives the theory of the vibrations of a string ur.der the action 
of a unifomdy distributed alternating force (the whole string, 
carrying alternating current, is influenced by a strong magnetic 
field). The loading effect of the air and viscous damping at 
different frequencies is calculated and exjjerimentally determined. 
The agreement between these observations with very fine wires 
(10 "♦cm. diameter) vibrating in air and the theoretical deductions 
from Stokes’s theory is remarkably good. 

A fine electrically conducting fibre, like the Einthoven string, 
when vibrating in a magnetic field is electrically! as well as 
mechanically damped. Its vibrations set up a back e.m.f., which 
reacts on the input alternating e.m.f. and affects the amplitude of 
vibration. This phase of the problem is, however, outside our 
present consideration (but see p, 484). Einthoven, when using the 
‘high-frequency string,’ removed almost all mechanical, damping 
and controlled the string by electromagnetic means. 

♦ PrOc. KoningL Akad. von Wetenschafton to Amsterdam, 

tOpr. Soc. Amer. Prec., 9, No. 2, Aug. 1024; and 13, No. 3, Sept. 
1926. 

t S. Butterwortk, A. B. W<>od, and E. H. Lakey, Journ, Sci. Instrs., 

4, p. 8, 1926, 
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TRANSVERSE VIBRATIONS OF ELASTIC BARS 

If the ratio of diameter to length of a wire be increased, the 
stiffness becomes increasingly important and the tension relatively 
unimportant. The transition stage between a wire, affected mainly 
by tension, and a bar, aflected mainly by stiffness, is somewhat 
complicated,* and \^■e shall deal only with tiie ideal bar, which 
is unaffected by tension. 

The theory' of transverse \ibration of bars, even when simplified 
as far as possible by the omission of quantities of secondary 
imjjortance, i.s still very conijjlex in comparison with the theory 
of ^perfectly flexible stiings. In the case of stiings, harmpnic 
waves travel with a velocity independent of the wave-length, but 
in the case of bars this is not so.* A non-harmonic wave in a bar 
has no definite velocity, but the motion is the sum of the separate 
motions which would he due to the harmonic <-omponents each 
travelling with the velocity appropriate to its own w'ave-length. 
A thin bar clamjrc'd at both ends may, like, a string, form stationary 
waves vibrating itr one or more Icxrps, but the laws which regulate 
the freciiiencies of the successive mridos of vibration are entirely 
different in the two cases. 

Tn what follows it w’ill be assumed that the vibrating bar is 
straigbt and uniform in cross-section and density, and is not 
subjected to tension or compression. Tt will also be assumed 
that the amplitude of vibration is so small that rotary effects can 
be neglected. Further, we shall suppose that in its bent condition, 
w'hcn vibrating, curvatures are so small that they may be repre¬ 
sented by (Py/dx^, and the length of the bent bar practically the 
same as in the unbent condition. In the first place we require 
to know the ‘bending moment’ M, or couple required to bend 
a bar unifonnly, so that its axis becomes an arc t a circle of 
radius R, i.c. the curvature of the bar is \/K—d^y/dx^, where the 
axis of X is in the direction of the length of the unbent bar and 
y is in the direction of transverse displacement. The strain in 
any part of the bent bar will obviously be proportional to the 
curvature. Hence by Hooke’s law the bending moment M is 
proportional to curvature, i.e. 

M=B/R, 

where B is a constant depending on the size and shape, of the 
cross-section of the bar and on the elastic qualities of the material 


* See Rayleigb, Sound. I, pp. 256-301. 
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of which it is made. 


When the bar is bent there is a rteutml 



surface AB at right 
angles to the plane of 
bending, which is neither 
extended nor contracted 
(see fig. 32). The mate¬ 
rial of the bar will be 
stretched or compressed 
according as it lies on 
the convex or concave 
side of the neutral surface 
in the bent position. 
Consider a filament 'ab 
distant r from the neutral 
surface. Let the length 
of the filament be 8x 
and area of cross-section 
w. After bending, its 
length becomes ah'= 
^a:- 4“A. If E is Young’s 
clastic modulus* of the 
material of the bar, we 
have 


Now 


Force stretching the filament—EiyA/Sx. 
S.r+ A S® . A r 


R + r 


S® , A 

- , whence 
R ox 


Consequently the force stretching the filament ab is 

=:Ewr/R, 

and the moment of this force about the neutral axis 


=:E«;rVR. 

The total moment M of all horizontal tensile and compressive 
stresses acting perpendicular to the section PS, of area S, about a 
line cd 


E V 2 

where K is the radius of gyration of the cross-section about a line 
through c at right angles to the plane PQRS. We have there¬ 
fore, since the curvature \/R=d^y/dx^, 

U—E'&K^.d^y/dx^ . . . ( 1 ) 

* Defined as the ratio of stress/strain, i.e. the force per unit area of 
section divided by the extension per unit length. 
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We now require to find the relation between this bending moment 
M, the transverse shearing force F, and the forces applied to the 
bar. If p is the density, and S the area of cross-section of tlie 
bar, we have, since (Py/dtr is the acceleration of the element 8xj 
P^Sx . (fy/di‘^~ F, where S F rei)resents the resultant transverse 
shearing force acting on the element 8x, or 

P^d'^yldt'^^dl^ldr ... ( 2 ) 

Considering the angular riiotion, the transverse slice of thickness 
hx and area S is rotated, in the bending, through a small angle 
6—dy/dx from its equilibrium position. Consequently we have 

U'^Oldt- - 4 FSx. 

writing I—pSv.S./f- where p5a:S is the mass of the slice and 
K. its radius of gj.Tation about the neutral axis, ^ve have 


pSk 


2 d’^V_ 
dxdt'^ 


dM 

dx 


+ F, 


and combining this with equatiem (2) we obtaiti 


dx~dt~i 


dHl 
dx- ' 


Substituting the valtic of M given in equation (1) we find 


dt‘~ dx^di^ P dx^ 


( 8 ) 


the second term, involving the rotaiy njotion of the bar, may 
geneially be neglected and the equation reduces to 


d^y 

dt^ 


+ K-C 


2(?^V 

dx-* 


BS 0 


(4) 


where c=:r\/E/p is the velocity of a longitudinal c’a.stic wave in 
the bar (see p. 142). (iVoic.— k“—«^/ 4 for a bar of (ircular section 
and radius a, and if the bar is rectangular and of thick¬ 

ness t in the plane of vibration.) The constant kc in c((uation (4) 
cannot be regarded as a velot'ity unless we divide it by a quantity 
of the dimensions of a length, viz. X. As Rayleigh points ont, 
the mere admission that harmonic waves can be transmitted at 
all is sufficient to prove that the velocity must vary inversely a.s 
the wave-length. Consequently \\’e must have 


Ct 




— y[ c jcioiiK 


and 


when X is large compared with k- 


Ct 


I’tlMSi 


Qjtk ^ I E 
x ^ V 
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In elastic bars stationary transverse vibration is produced, as in 
strings, by the interference of wave-systems which have been 
reflected from the ends of the bar. The modes of such vibrations 
depend on die method of clamping or supporting the bar. It 
should be noted that an end fixed in direction is not a true node 
since it is not a point of maximum change of slope; similarly a 
free end is not a true antinode, since it is not a place where the 
bar moves parallel to itself. The point of zero transverse displace¬ 
ment nearest to a free end is also not a Irtee node, since the change 
of slope is not so great there as at the free end. The various ‘end 
conditions’ for a bar of finite length are: 

(1) Free End. The displacement y and the slope dy/dx may have 
any small values. The curvature ePy/dx^ and the third differential 
d^y/dx'^ must always be zero. 

(2) damped End. If the clamp is rigid, the displatement y 
and the slope dyfdx must always be zero. 

(3) Supported End. A linife-edge support (assumed rigid) pre¬ 
vents displacement, therefore y—0, but the slope dy/dx may have 
any small value. The curvature d^y/dx^ is zero. 


Assuming y—a cos nt, equation (4) becomes 


dx' 


Pn' 


I ■ ! " All ^ / 


Ek 




where m‘^—pn^/T£iK^. 


(5) 


If y=ue^^ is a solution,* «<. is a root of m*, that is, «t = i rn or 
± \/—i . m. The complete solution is therefore 

yr=(A cosh mx-f-B sinh mx-f-G cos 7nx-{-D sin mx) cos nt . (6) 


the expression involving the constants A, B, C, D giving the ampli¬ 
tude at the point x. The ratios of the constants A ; B : C : D and 
tlie possible values of m are determined by the end-conditions. 
When m is determined, we obtain the frequency n/2ir from 
equation (5). 


Bar Free at both Ends-^Gonsider a perfectly free bar of 
length 1. Taking the origin of x at the midpoint* the end- 

conditions which must be satisfied are4*™ =0atx= ± 41. 

dx^ rfx® 

The four equations thus obtained give a value for m which satisfies 

tan \ml . . . (7) 


* See Lamb’s Sound, p 125. 


FREE-FREE BAR 


ns 


in the case of the symmetrical vibrations when 

y—(A cosh mr-j-C cos mx) cos n^. 

The roots of equation (7) are obtained most simply by graphical 
construction (see fig. 33). Plotting the curves y=tan $ and 

y m ttm4 


TT e 

2n 

SIT 

t-VsJn 

'2-Yi)Tr\ 



Fio. 33 


—tanh 0, the values of 0{—ml/2) at the points of intersection 
are found to be closely represented by 

, fl*=mZ/2=(s“ . . . (8) 

where .y—1, 2, 3 . . . and is a small quantity only appreciable 
in the case of the fundamental tone when 5~l (see fig. 33). Thus 

— ..... (9) 

— Vpn'lEK^ from equation (5). 

Consequently the frequency of vibration of the partials is given 
closely by 


N==^ » 

2 ?r q" 



( 10 ) 


In the case of the fundamental vibration, the factor (4^—1) in the 
above relation should be replaced by 3’0112. It is important to 
note: 

{a) The frequency N is approximately proportional to (4r—1)® 
where r=:l, 2, 3 ... etc., i.e. the frequencies of the 
successive symmetrical modes of vibration of the bar are 
proportumal to 7^, 11“, 15“, etc., approximately. The 
overtones are therefore not harmonics as in the case of 
the vibrations of a string. 

{b) The frequency N varies inversely as the square of the 
length of the bar, indicating that NX is not constant, i.e. 
the velocity of transverse vibrations in a bar is dependent on 
the frequency, 

(c) The frequency is proportional to \/E/p, i.e. to the velocity 
of longitudinal elastic vibrations in the bar. 
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The form of curve assumed by the bar* vibrating in its funda¬ 
mental mode can be obtained from equation (6) subject to the 
necessary- end-conditions (see p. 114). The curve is shown in 
fig. 34. The two ‘nodes’ occur at distances 0*224/ from the ends 
of the bar. 



The next symmetrical mode, frequency (7/3)“ limes that of 
the fundamental, has four notles, and so on. 

It may be shown in a similar inarmer that the asymmetric 
modes of vibration of the bar, in which an odd number of nodes 
are present, have frequencie.s approximately proportional to 
(4.f-l-l)*‘^, 5^, 9^, 13^, etc. Consequently the possible fre¬ 

quencies of the wliole series of parlials are proportional to the 
squares of the successive odd nurnliers commencing at three. 
The result was discovered experimentally by Chladni,f and has 
been more accurately verified subsequently by h!. H. Barton.J 
The transverse vibrations of a free-free bar in wator have l>een 
investigated by Moullin and Browne.§ For an iron bar they find 
Nair/Neater—4-0* Irf/t (d—width and f--ihicknes.s of the bar). 
The following table, which relates to ‘free-free’ bars in air, gives 
the accurate values of relative frequency and position of nodes 
(true or false) for the first few tones (Seebeek and Donkin). 


No. of 
Tone. 

■ 

Di.stuncc of Nodes from one ^nd 
(in terms of length of har). 

Relative 

Frc- 

ciuencies. 

Frequencies 
as a ratio of 
fundamental 
Frequency. 

mm 

H 

0*2242. 0*7758 

3-on* 

1 



0-1321, O’5.0*8679 

5* 

2*756 



0*0944, 0'3S58. 0*6442, 0*9056 

7’ 

5*404 

Hi 

HI 

O'0734, 0*277, 0*5,0-723, 0*9266 

9- 

8*933 


* See Rayleigh. 1, pp 28.^-2f54. 

+ Chladni, Die Akusiik, l.eipzig, 1802. 
tPhil. Mag., p. 578, Nov. 1907. 

$ Proc. Camh. Phil. Soc., 24, p. 400, Jii 1928. 












CLAMPED-FREE BAR 


117 


Bar Clamped at both Ends —Applying the appropriate end 
conditions to equation (6), it is found that the same series of 
tones is obtained as for a bar free at both ends. 

Bar Clamped at One End only —At the clamped end 
[x— — 1/2) we must have }>—_-0 and dy/dx~-0, and at the free end 
we have d'y/dx^—O and d'^y/dx'^—O. Applying these 
end conditions to equation (6), we find ultimately 

tan ±coth ^ml - . (ll) 

which is most easily solved graphically. 7'he intersections of the 
curves y~1an 0 and y=:coth 6 give 6~-^rnl---{s ± /tj where 

,r—0, 1, 2, 3j etc., and fJ is a small quantity which affects only the 
fundamental frequency seriously. For the overtones w'C may 
write with sufficient accuracy 

tn~27t(s±pn '-^. . ( 12 ) 

and 


N--- 


2:t 


4s ± 1 V" 



ajiprrx 


(13) 


In the case of the fundamental (s—0) and the fust overtone (rrnl) 
a more accurate value ol N is obUiiried by substituting for (4,v—1) 
the values 1’19372 and 2*98836 respectivedy. The possible fre¬ 
quencies of the overtones are ilierefoie a])proxiinalely proportional 
to 3“, 5'*^, 7“, . . . etc., having respectively 1, 2/3, etc., nodes in 
addition to the clanqied end. The table gives the accurate 
theoretical frequencies and position of nodes (tnie or false, but 
excluding the clamped end) for the first few tones (Seebeck and 
Donkin). 


No, of 
Tone. 

No, of 
Nodes, 

Distances of Nodes from free 
end (in terms of length 
of bar). 

Relative 

Fre¬ 

quencies. 

Frequencies 
as a ratio of 
fundamental 
Frequency. 

1 

0 

4 • 

ri94* 

1 

2 

1 

0*2261 

2-988* 

6-267 

3 

2 

0-1321, 0*4999 

5* 

17-55 

4 

3 

0*0944, 0'3SS8, 0*6439 

7* 

34*39 


The frequencies are again inversely proportional to the square of 
the length ‘V of the bar, and the partials do not form a harmonic 
series. 
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Bar ‘Supported’ at both Ends—We now have the end 
conditions (at x~±l/2), d^y/dx‘^z=:0^ and ultimately from 

equation (6), 

^ml—ir/2. (1, 2, 3, 4, . . . etc.) 
or 

m.~Tr/l . (1, 2, 3, 4, . . . etc.) . . (14) 

and 


n K 

23r’" 2’ ■ 



fl6) 


where ir=l, 2, 3, 4, etc. The frequencies of the partials are 
consequently proportional to the squares of the natural numbers, 
and the nodes are equidistant as in the case of a vibrating string. 

In all cases of bars vibrating transversely it is found that the 


frequency of vibration is proportional to 



This relation 


has been verihed experimentally by numerous physicists. Using 
a ‘free-free’ bar of rectangular section (/(^=t^/l2), Barton* has 
obtained all the partials up to the seventh, agreeing remarkably 
well with theory as regards the nodal positions. The theoretical 
conclusions relative to the vibrations of a claniped-free bar have 
been similarly verihed. 


Methods of Excitation—Transverse vibrations in a bar may 
be excited by similar methods to those used for strings, e,g. 
striking, plucking, bowing, or elei.tromagnetic methods are all 
applicable. As in the case of the string also, the partials present 
in the resultant vibration depend both on the method of excitation 
and on the point of application. Young’s law, involving the 
absence of all partials requiring a node at the point of excitation, 
is applicable also to bars. The various partials of a bar may there¬ 
fore be encouraged or otherwise by supporting and exciting it in 
the required manner. Bars of circular section are liable to vibrate 
simultaneously in two directions at right angles, t.e. the end of the 
bar vibrates .in a closed curve resulting from two rectangular 
vibrations. Wheatstones ^‘Kaleidophone'^-f is a good example of 
the complex motion of a bar vibrating in this way. A steel bar 
of circular section has a small silvered bead attached to its free 
end, the bead being suitably illuminated. When the bar vibrates 
the bright spot reflected from the bead describes a brilliant line 
which indicates the nature of the vibration. F>xtremely beautiful 

* Barton, lot. cit, t See Tyndall’s Sound, pp. 132-134. 
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figures are obtained with this simple contrivance. The motion 
of the bar may also be regarded as a circular combined with a 
radial vibration. Tyndall shows how, by suitable bowing, such 
a clamped bar may vibrate with its fundamental mode with super¬ 
posed partials “6i and times the rate of vibration as a 

whole.” For most purposes, however, it is desirable that the 
vibrations of the bar should take place in a particular plane. Bars 
of rectangular cross-section, with the thickness in the direction 
of bending, are therefore most suitable. 

As we have seen above, the only method of holding a bar 
which results in ‘harmonic’ partials is the ‘free-free’ method. 
This method has been applied to a musical instrument knowm as 
the ‘harmonicon’ or ‘dulcimer,’ in which freely supported bars 
of graded lengths are struck by a hammer, thus producing an 
agreeable succession of musical tones. 

T'hin rods, or reeds, clamped at one end and excited by plucking, 
have been employed in the instrument commonly known as the 
‘musical box.’ Tn this device a graded series of reeds, like teeth 
in a comb, are plucked by small pins fixed in the required positions 
on the suifaco rtf a rotating cylinder. 

A more important application of the clamped-frec reed is in 
combination with a suitable resonator (c.^. an air cavity) which 
reinforces the fundamental mode and consequently gives a much 
purer note.* Thin reeds clamped at one end are also employed 
in wind instruments—the vibrations of the reed ser\-ing to open 
and close the opening which admits air to the instrument {e.g. in 
the oboe, bassoon, and the clarinet group of instruments). The 
combined action of an air blast and a vibrating reed is illustrated 
in the harmonium and the concertina—the frequency of the reed 
here plays a predominant part in determining the pitch of the 
note. When a metal reed is used in combination with a resonant 
air column, as in the ‘reed pipes’ of an organ, the quality of the 
tone is modified by the presence of the pipe. By varying the 
construction of the reeds and the shape of the pipes various 
qualities can be obtained to imitate different orchestral instruments. 

Electromagnetic methods of maintenance of the vibrations are, 
whenever applicable, probably the most suitable for experimental 
study of the vibrations of a bar. A steel bar is readily set into 
transverse resonant vibration by means of a suitably disposed 
electromagnet carrying alternating current—the latter being con¬ 
veniently supplied by an oscillating valve circuit of controllable 


* See Rayleigh, p. 275. 
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frequency (see p. 82). The principle of cfxcitation is merely that 
applied in the ordinary telephone eaipiece, more particularly in 
the reed fonn designed by S. G. Brown (see p. 424). By varying 
continuously the frequency of the A.G. supply the various re¬ 
sonance frequencies of the fundamental and overtones can very 
simply be determined. The positions of the nodes can also be 
obtained by the simple expedient, due to Chladni, of sprinkling 
fine, dry sand on the bar. The sand will collect in lines across 
the bar at the nodal positions. The laws of vibration of bars are 
conveniently verified in this way. 

The determination of the frequencies of a steel bar of known 
dimeasions and density, clamjjed or supjiorted in a definite 
manner, provides a means of obtaining Young’s modulus of 
elasticity E for the material of the bar. Equations (10), (13), and 
(15) all show 


where G is a constant depending on the method of holding tho 
bar, and on the particular partial excited. 

A clamped steel bar electrically maintained is sometimes em¬ 
ployed as a rough standard of frequency. An electromagnet, 
actuated by a battery in series witli a contact fairly near the 
clamped end of the bar, is mounted at a point about to from 
the free end. In this manner the fundamental tone is maintained, 
and the first overtone discouraged. It should be pointed out, 
however, that the base of such a vibrator should be massive and 
stiff, otherwise it is liable to vibrate with a comparatively large 
amplitude, and react on the bar. The frequency and damping 
are thereby rendered uncertain. These quantities will vary also 
with the manner in which the base itself is supported. Such a 
vibrator is consequently not to be recommended in accurate work. 

Frequency Meters—Hartmann and Kempf* have employed 
a graded series of clamped steel reeds (of calibrated frequencies), 
actuated by a common electromagnet as a means of indicating 
directly the frequency of alternating currents. They have con¬ 
structed frequency meters on this principle, covering various 
ranges from 1 or 2 cycles to 1500 cycles/sec. The tip of the 
vibrating reed is painted white and the magnet pole is hollowed 
out to permit of large amplitude resonant vibrations without fear 
of the reed striking the pole, A photograph of a low-range 

* Ann, d. Phys., 13, 1904 ; and Phy$. Zeits., 11, Dec. 1910. 
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frequency meter in operation is shown in fig. 35. The sharpness 
of tuning of the reeds is roughly indicated in the photograph. 
A similar instrument may also be used to detcmriine resonant 
vibrations in machinery or other mechanical structures subject to 


Wc FREQUENCY INDICATOR 

^,^35 40 45 50 55 60 65 

LI mill 1 i liiM iJ 1 ill ml 1 ml I 
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shocks or unbalanced recipiw-ating forces. By means of such a 
frequency deteiminaiion, it is sometimes possible to trace the 
origin of dangerous or otherwise objectionable vibrations, and 
take steps to rcnif>vc it. ‘Critifal’ or ‘resonant’ speeds in 
mechanical or electrical machinery often induce large unbalanced 
forces which may result in serious damage. 

Method of Tuning a Bar—A bar clamped at one end may be 
tuned to a given frequency in a number of ways. The pitch may 
be lowered either by loading the free end or by reducing the cross- 
section of the bar near tluj clamped end. Similarly the pitch may^ 
be raised cither by shortening the bar or by reducing its cross- 
section near the free end. These methods of tuning are employed 
in practice in the construction of reeds of mxisical instruments 
(harmoniums, for example) and in frequency jneters. A bar may 
be conveniently tuned for experimental purposes by means of a 
collar, a sliding fit on the bar, clamped rigidly in the position 
corresponding to the required frequency. The .sliding weight 
may be fitted with an extra ‘rider’ with fine adjusimenv if accurate 
frequency setting is required. The nearer the sliding weight 
approaches the free end of the bar the lower will be the frequency. 

Tuning-Forks 

The early development of the tuning-fork is mainly due to 
Koning, who excelled in making forks of great purity of tone 
covering a wide range of frequt'nry. Some of Konig’s forks had 
a frequency as high as 90,000 cyclcs/sec.* During recent years 

• D. C. Miller, Science of Musical Sounds ; and WJnkelraann, 
Akustik, pp. 345 367. 
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the tuning-fork has increased in importance as a standard of 
frequency. On account of its great purity of tone and constancy 
of frequency the tuning-fork has proved of great value as a means 
of indicating and preserving standard pitches. Not only does it 
function as a source of sound of definite frequency, but, in its 
electrically maintained fonns, it serves to control electrical circuits 
in such a manner as to form a standard of electrical frequency of 
great accuracy and of extensive range. 

The tuning-fork is regarded by different writers in different 
ways. The earliest investigators, Ghladni for example, regarded 
it as developed from a ‘free-free’ bar by bending in the form of 
an elongated U- Other writers, Rayleigh* for example, have 
regarded the fork as consisting of two ‘clamped free’ bars mounted 
on a heavy, stiff block of metal. Various forms of tuning-fork 
are made, approximating in appearance to one or other of these 
forms.f 


Consider first of all the bent-bar type. Theory and experiment 
alike show that the effect of bending a bar is to cause the two nodes 
of the fundamental tone to aj)proach each other more and more 
closely and to lower the frequency of vibration. This is illustrated 
in fig. 36 (fl), the various positions of the two nodes n, n being 


e e 



(a) (b) 


I'ic. j6 


indicated in the progressive 
stages of bending of the bar. 
Fig. 36 (i^) indicates die form of 
vibration of such a U-shaped 
bar. The amplitude of vibra¬ 
tion at the ‘antinode’ at the 
midpoint of the bend is small 
compared with that at the ends 
of the prongs. The addition of 
a stem at the bend between the 


two nodes has the double effect of adding mass at an antinode 
and of increasing the stiffness of that portion of the fork between 
the two nodes. This results in a further approach of the nodes 
towards the stem and a reduction in the amplitude of vibration 
at the midpoint, i.e. of the stem. It is this small vibration of the 
stem of a fork, however, which serves to actuate a sounding-board 
or a resonance box when pressed into contact with the stem. 
If the tip of one prong of a vibrating tuning-fork be lightly touched, 


• Rayleigh, SoUnd, 1, p. 58. 

tSec (1) D. C. Miller, Science of Musical Sounds; (2) Winkelniann. 
Akustik. pp. 345-367. 
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the vibration is iinniecliately stopped in both prongs. The with¬ 
drawal of the energy of vibration is in this case extremely rapid. 
If, however, the stem of the fork be pressed on a sounding-board, 
the vibrations may persist a considerable time, for the amplitude 
of vibration of the stem is very small and the energy is transferred 
relatively slowly from the fork to the sounding-board. 


Regarding the fork as consising of a pair of symmetrical 
clainped-free bars, somewhat similar conclusions may be reached 
in a different manner. First of all consider a single bar (or prong) 
clamped to a block of metal. In con.sequence of the oscillation 
of its centre of gravity there will be communication of vibration 
to the block. To reduce the amplitude of such vibration the 
block must be firm and massive. If now a second exactly similar 
bar be attached symmetrically to the block and arranged to 
vibrate with exactly the same amplitude as the first bar, but in 
opposite direction, the two reactions on the bhxrk will exactly 
compensate each other and the centre of gravity will be unmoved 
in the direction in which the prongs vihratt,. On account of the 
circular path of the centre of gravity of the prongs, however, there 
must still remain a small vibration of the centre of gravity of the 
block in the direction of the length of the prongs, the extent of 
which will depend on the amplitude of the fork and on the relative 
mass and stiffness of the prongs and of the block. The frequency 
of a fork of this conratmetion w'ill approximate to that of a single 
clamped-free rectangular bar of thickness f, i.e. the fundamental 
frequency will be 


N^M 1937)-^ . 

n 

”8*24X10'‘t/f2 


. t 
s/T2 . 



(1) 


for a steel bar in which X10^ cm/sec. 


The frequency of a fork wall vary approximately as the inverse 
square of the length of the prongs, directly as the thickness of 
the prongs and directly as the velocity of sound in the material 
of which the fork is made. The frequency is independent of the 
width of the prongs. 

The overtones of a fork may be excited by bowing at a suitable 
point—those overtones requiring nodes at the bowing-point being 
discouraged. The traces of fork vibrations shown in fig. 37 were 
detained by the dropping-plate method. A massive low-frequency 
fork with a fine bristle attached to the tip of the prong was bowed 
vigorously, and the bristle allowed to touch gently the smoked 
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surface of a glass plate suspended vertically. Whilst the fork was 
vibrating the thread supporting the glass plate was burnt through 
and a wavy line traced on the smoked surface as the plate fell past 
the fork. This principle is sometimes applied as a rough labora¬ 
tory method of delennining ‘g’ when the frequency of the fork 
is known: or conversely. The three records shown in the figure, 
obtained in this way, show clearly the overtones 6^ and I7i times 
the fundamental frequency.* By varying the point of bowing 
the various partials may be obtained .separately or occurring two 
or three at the same time. 



/m/duffientfd -f- Over/one S' 2 

/Vy 


fi/nf/a/nen/n/’f-Ofvrto/ieS’S 

jVj . N • J7<'jNi{opp) 

Fig. 37 —Tuning-Fork Records (dropping-platc inetbod) 

The fundamental tone of a fork may be reinforced by attaching 
the stem to a resonance box of the same frequency—the overtones 
of a fork and an air cavity of the same fundamental frequency are 
widely different, so the overtones of tlie fork are not reinforced. 

Small tuning-forks, of the types devised by Kbning, have long 
been used as standards of pitch for musical and scientific purposes 
where a moderate accuracy was required. The method of beats 
gives results of considerable accuracy in comparing the frequencies 
of two forks or in comparing a fork with any other vibrating body 
of approximately the same frequency. The number of beats in a 
second is equal to the difference of frequencies of the two sounds. 
Under favourable circumstances beats as slow as one in thirty 

• Sea also F, H. Parker, Nature, 90, p. 361, Nov. 28, 1912 ; and E. H. 
Barton, Naiiere, 90, p. 4^, Dec. 19, 1912. 



TUNING-FORKS 


125 


seconds may be recognised. This represents very exact tuning 
between two forks of say 200 p.p.s. The method of beats pro¬ 
vides a very convenient means of investigating the factors which 
produce small changes of fjequency in a tuning-fork. One fork 
is kept under standard conditions, whilst the otlier is subjected to 
the influence, c.g. temperature change, which afl'ecls the frequency. 
In this manner it is not difficult to show cxpciimcntally that the 
temperature coefficient of frequency for an ordinary' steel fork is 
approximately —10 ^^per degree Centigrade rise of temperature. 
The method of beats is employed in making copies of standard 
tuning-forks. The substandard is modified until it gives very 
slow beats when .sounded simultaneously with the standard. The 
addition of a small load to the jjrongs of tlie substandard is suffi¬ 
cient to indicate, by die change in the number of beats per second, 
which of the two forks is gaining on tlie other. 

On account (d its behaviour as a double stMirce, a tuning- 
fork is a relatively pexjr radiator of sound energy (.see p. 66). 
E. A. Harrington* has ft>und cxperinienlally, toi example, that 
a certain electrically-maintained tuning-fork expended only 3*5 
per cent, of its energy in producing sound, the remaining 96*.5 
per cent, being employed in overcoming internal friction and in 
\’ibraling the support of the fork. 

Forks an* no\v commonly used as mhstandards of time. The 
pi'i’iod t>f vibration of a fork is a very constant c’uantity and sen'^es 
as a convenient subdivision of a second when lime intervals have 
to be measured with accuracy. As a consequence of the increased 
application of the tuning-fork for this jinrpose, methods have been 
devised for increasing the accuracy and perfection of electrically- 
maintained forks. Low-frequency forks of this character, giving 
an accuracy greater than 1 in 10.000, arc in common use. If 
particular care is taken with the choice of mate ial, design, and 
control of the fork, an accuracy of 1 in 10" or e\'en of one in a 
million is possible. 

Electrically-maintained Forks—Reference has already been 
made (p. 79) to the method of maintaining the vibrations of a 
tuning-fork by an electromagnet. The principle involved is that 
of an electric bell, the vibrations of the prongs of the fork ‘making’ 
and ‘breaking’ a current through the exciting electromagnet. 
The self-maintaining action of a tuning-fork is not quite as obvious 
as it may appear.f If it were not for the presence of Inductance 


* Joivrn. Opt, Sac. Amer„ 17, p. 224, Sept. 1928. 
t Set Raylcigb, 1, pp. 68'-69. 
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in the circuit, the fork would not continue to vibrate under the 
action of" the electromognet. The action is as follows (see fig. 38 
(a), {b), and (r)). The fork is maintained by a battery of e.m.f. 
E, in scries with a pair of contacts (on the outside of one prong), 
and an electromagnet M. The inductance and resistance in the 
circuit are L and R respectively. As the prong moves from a to 6 
and back again, the circuit is closed (approximately for half a 
period T/2), whilst from a to c and back again the circuit is open. 
When the circuit closes /::=:0 (fig. 38 (6)), the current i begins to 
rise, the rate depending on the values of L, R, and E. At break, 
t—T/2, tlie current falls suddenly to zero (assuming there is no 
arcing). From a to 6 on the outward movement of the prong, 

a quantity of electricity 
Qi flows (time 0 to 
T/4) through the mag¬ 
net which is then oppos~ 
ing the motion. From 
6 to a on the return 
movement of the prong, 
a quantity Q 2 flows 
(time T/4 to T/2) 
through the magnet 
which is asshting the 
motion. The difference 
(Q2—Qi) represents the 
quantity per cycle effec¬ 
tively used in maintain¬ 
ing the vibration of the 
fork. The sum (Q2+Q1) 



Fig. 38 


represents the total quantity per cycle taken from the battery. 
The current i at -any instant ‘t' after closing the circuit is given by 


B 




and 


whence 


'T 12 


/ T /4 , ri 

idt, Qo= I idU 
0 J t /4 


li r -F 


'/-- 

Qs “Qi 

Efficiency. 

2 r‘ 


_RT ^ 
2fl L4 -n J 

at\ 

6 L'2f 


(9) 
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When the inductance L tsr zero this ratio becomes zero also. No 
energy is supplied to the fork to compensate for frictional damping 
and the vibrations are consequently not maintained. When the 
inductance L is very large and R is negligible, the expression 
approximates to T'his is the maxhniiin value of the efficiency 
(see fig. 38 (c)). When L/R is sufficiently small to allow the 
current to attain its maximum value in a time less than T/4, the 
expression for the efficiency reduces to 

2L 

For intermediate values of L and R the efficiency is given by 
equation (2). 

The above considerations illustrate the necessity for inductance 
in the circuit and indicate that this should be as large as possible 



Fio. 39 Oscillograph Records of Current exciting a 'I'uning-Fork 

to secure efficient running. A largti inductance implies a large 
back e.m.f. at ‘break,’ with consequent arcing at the contacts. It 
is advisable, therefore, to include a certain amount of resistance 
in the circuit, and to use a suitable conden.ser in parallel with the 
fork contacts. This reduces the risk of arcing whilst making 
it possible to obtain a good running efficiency. Oscillograph 
records of the current maintaining a 2.5 cyctes/sec. fork are shown 
in fig. 39. The effect of added resistapee in record (&) is clearly 
shown in the more rapid rise of current at ‘make.’ The two cases 
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represent respectively 50 per cent, and 10 per cent, of maximum 
possible efficiency. 

When an electrically-maintained fork is to be used as a precision 
time-standard, it is essential that attention be paid to certain 
features of the design. In papers by Dadourian * and by the 
writer f it is shown that the base of the fork must be massive and 
stiff, in order that mechanical coupling between the fork and its 
supports (the top of a bench, for example) should be reduced to a 
minimum. For this reason also it is desirable that the plane of 
the prongs should be parallel to the base, and tluit the block sup¬ 
porting the jnengs should be very short and rigidly attached to the 
base (preferably forming part of it). The best forks are milled 
out of a .solid steel bkxk, but very satisfactory forks can be made 
by silver-soldering two steel bars to the supporting block. The 
frequency of the fork is also affected slightly by the change 
in the electrical constants of the electromagnet circuit and 
on the setting and number of contact pairs operated by the 
prongs. The. frequecy depends slightly on the amplitude of 
vibration, this being -partly due to the presence of the contact 
springs. 



Fic. 40 —Electrically-mainlainecl Tuning-Foik (low frequency) 


In fig. 40, is shown a low-frequency fork (25 ~ or 50L ) by 
J. M. Ford and the writer,^ in which the spring contacts were 
designed to give very exact timing of the moments of ‘make’ and 
‘break’ relative to the position of the prongs. The frequency of 
the fork and balance of the prongs may be regulated by means 
of adjustable loards near the free ends. The positions of the 
electromagnet and contacts were carefully selected to give the 
best running conditions. The magnetic circuit is also more effi¬ 
cient than the jnore customary form, the flux being confined to 

* If. M. Darluurian, Phy$, Rev,, 13, No. 5, pp. 337-359, May 1919. 
t A. B. Wood. Journ. Sci. Instrs., 1, No. 11, Aug. 1924. 
i A. B. Wood and J. M. Ford, Journ. Sci. Instrs,, 1, p. 161, 1924. 
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the shortest possible path across the prongs. See fig. 41. This 
results in a considerable reduction 
of the current necessary to maintain 
the fork in vibration, with conse¬ 
quent increase of ‘life’ of the 
platinum contacts.* Forks similar to 
that shown in fig. 40 are often re¬ 
quired to run continuously for long 
periods whilst driving or controlling 
electric motors for time-marking or 



I 
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Fig. 41—Section through 
Magnet and Prongs o£ Fork- 


recording pm poses. (See section on Sound-Ranging, p. 525.) 

Valve^maintained Forks - The method of maintaining the 
vibrations of a fork just described ceases to be really efficient when 
the frequency exceeds about 100 cycles/sec. \V. H. Eedes* has de¬ 
scribed a method which is particularly applicable to forks of higher 
frequency {c.g. 1000 p.p.s.) and which has the additional advantage 
that no mechanical contact is made with the vibrating prongs. In 
the form described, two electromagnets act on the prongs, orte of 
these being in the grid circuit and the other in the plate circuit 
of a valve (see fig. 42). "I'liese coils must be wound in opposite 
directions.* The vibration of the fork induces alternating 
voltage in the grid circuit, which controls the current in the plate 
circuit and its magnet, the vibration of the fork being thus main¬ 
tained. To ensure that the fork responds readily to excitation, 
it is advisable to introduce a condenser across each of the magnet 
:;oils as shown in fig. 42, so as to get approximate tuning in the 

electrical circuits. S. Butter- 
worthf has given a mathe¬ 
matical .analysis of the 
mode of (peration of a 
valve-maintained fork, and 
has determined the condi¬ 
tions essential to its success. 
He deals with the prob¬ 
lem by substituting for the 
mechanical system the fork, 
its electrical equivalent. In 



Fig. 42 —Valve-inainiaincd Tuning- 
Fork (Ecclcs) 


this manner the variation of frequency in the neighbourhood of the 
natural frequencies of both the dynamical and electrical systems 
is calculated. Using a pair of valve-maintained forks, one of 


9 


• W. H. Eccles, Proc. Phys. Soc., SI, p. 269, 1919. 
t S. Butterworth, Proc. Phys. Soc., 32, p. 345, Aug. 1920. 
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which was kept as invariable as possible, D. W. Dye* has deter¬ 
mined, by the method of beats, the variations of frequency 
produced in the second fork by changes in the experimental 
conditions. Amongst other factors likely to produce changes 
of frequency the following were studied: temperature, effect 
of valve controls (cuirent, H.T. voltage, etc.), polarising magnetic 
field, addition of mass to base, etc. As a result of these 
experiments D)e has developed the valve-maintained tuning-fork 
as a precision time-standard which controls a multi-vibrator 
(see p. 136) and so forms the foundation of the radio-frequency 
standards of the National Physical Laboratory. 

Phonic Motors —The plionic wheel, invented independently 
by Rayieighf and La Coin, is of great importance when used in 
conjmiction with an electrically-maintained tuning-fork as a means 
of converting a vibratory into a rotary motion of constant speed. 
In describing a phonic motor Rayleigh says; “. . . the essential 
feature is the approximate closing of the magnetic circuit of an 
electromagnet, fed with intermittent current, by one or more soft 
iron armatures carried by the wheel and disposed symmetrically 
round the circumference. If in the revolution of the wheel the 
closest passage of the annature synchronises with the middle of the 
time of excitation, the electromagnetic forces operating on the 
annature during its advance and its retreat balance one another. 
If, however, the wdieel be a little in arrear, the forces promoting 
advance gain an advantage over those hindering the retreat of the 
armature, and thus upon the whole the magnetic forces encourage 
the rotation. In like manner, if the phase of the wheel be in 
advance of that first specified, forces are called into play which 
retard the »motion. By a self-acting adjustment the rotation 
settles down into such a phase that the driving forces exactly 
balance the resistances.... In some cases the oscillations of 
the motion about the phase into which it should settle down are 
very persistentt and interfere with the applications of the 
instalment.” 

Early forms of phonic wheel consisted essentially of a toothed 
iron wheel with a small electromagnet embracing an integral 
number of teeth of the wheel. These simple phonic motors 
served fairly well as ‘time-markers’ in optically recording .sy.stems, 

*Proc. Roy, Soc., A, 103, pp. 240 260, 1923. 

t Rayleigh, Nature^ 18, p. Ill, 1878 ; see Sound, 1. 

t A phenomenon known as ‘hunting.’ Rayleigh recommends a 
merpury-filled fly-wheel to damp out such o«.eiUation!>. 
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e.g. in the Einthoven string galvanometer recorder, but were useless, 
however, when called upon to supply a small amount of power, 
e.g. to drive a drum with a pen recorder. In 1919 J. M. Ford 



Fn:. 43 (a) - -J’houic Motor (as'^cmhlcd) 

and the writer designed an improved t\'j)e of phonic motor (see 
fig. 43) which was capable of driving an electrically-operated 
chronometer* or a rnoving-tape pen-recorder. The magnetic 



I'^IG. 43 ( 6 )-- Phonic Motor (parts) 

circuit of this motor is so designed that even moderate exciting 
currents produce a large driving torque. In one pattern the 
rotor, mounted on ball-bearings, is made from a bar of soft iron 
with ten slots machined longitudinally, leaving ten radial bars 
• A. B. Wood Bnd J, M. FotJ, Journ. Sci. Instrs,, 1, pp. 169-173, 1924. 
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outstanding. 'The stator consists of a soft-iron cylinder and two 
soft-iron discs each with ten teeth corresponding to the ten bars 
of the rotor. I'he exciting coil, connected thiougli the fork 
contacts, is a single fonner-wound coil which lies within the iron 
shell of the stator and completely surrounds the rotor. The 
troublesome transverse vibration of the shaft experienced with 
earlier forms of phonic motor is now entirely eliminated, for the 
radial forces on the rotor arc balanced and the tangential pull is 
applied uniformly on ail the bars t>f the rotor. The magnetic 
flux has a short path and the torque is large, consequently the 
motor is easy to start and relatively Muall diiving currents through 
the fork contacts ate sufficient. Ihfc motois arc silent when 
running and are free from troublesome mechanical vibrations. 
In addition to the more obvious applications to phonic chrono¬ 
meters, chronographs, and stiobo.s( opic devices, these motors 
have been used to control the speed of much more powerful 
motoi's. Thus a phonic motor bas oeen used in this way to drive 
a Radio-Beacon at constant s]x*ed,*' Controlled by low-frequency 
forks (up to 100 p.it.s.'; they have a relatively laige driving torque. 
At higher frecpiencics (100 to 1000 p.p.s.), however, the difficulties 
increase, and it is necessary to use laminated iron in the rotor and 
the stator. The motor can quite easily be made .self-starting, if 
required, by the addition of a small commutator on the shaft and 
a stroboscopic synchronising de\'lte, or by a method described by 
D. C. Galljt in whicii u special fonn of winding is employed. The 
simple form of motor is, however, easily spun by hand into its 
synchronous speed.J 


Frequency Determination of Forks 

There are many sinij>;c i.iboratory methods of measuring approxi¬ 
mately the frequency ol vibialing tuning-fork. The dropping- 
plate method, illustrated in iig, .07, p. 124 (see also p. 237), i.s direct 
but is somewhat inacciuau n account of the fact that the tip of the 
prong touches the falling plate. In another method, the note of 
the fork is compared with that of a siren, or of a toothed wheel, of 
which the speed is accurately known, the frequency of the fork 
being thus obtained in absolute measure. The final tuning is done 

* R. L, .Sniitii-KuM-, Aft/H/'t, 121, ij. 7-1.'), May 12, 1928 ; and I.E.E. 
Journ., 66, p. 2.%, 

t D. C. Call, Journ. Sn. Instrs., pp. 351-352, July 1926. 

t The, tuning-forks and phonic molor.s shown in figs. 40 and 43 are 
manufactured by Mehsrs. Tinsley & Co., Scuih Norwood, S.E. 
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by the hiethocl of beats. A photographic record, with superposed 
time marks from a standard clock, is also another possible method. 
Reference has already been made to the use of the rnonochord 
in com paring the frequencies of two forks. 

Phonic-Motor Method --T he j^honic motor provides a very 
convenient and accurate method of determining the frequencies 
of electrically-maintained forks, a reliable pendulum clock or 
Greenwich radio time-signals being the time-standard to which 
reference is made. The following rnelhod \va.s employed by the 
writer in 1919. * A tuning-fork of luaninal frequency N controls 
a phonic motor having v teeth, or ba>s. The speed of the motor 
is consequently N/n revolutions per second. If the motor makes 
m revolutions in t seconds, the frequency N of the fork must be 
equal to nm/t. Attaching a levolulion counter to the shaft of the 
motor it is a Fin)j)!e mattt'r thereloic to covuit ilie revTjlutions m 
in any time interval f. The greater the time inlcival the greater 
the accuracy of the method. The vi-.lue of N obtained in this 
way is. of course, the mear\ value timing the period of lest. As 
an exnniplt? of the inethod, lake the case where Nr.- 50 approxi¬ 
mately, and n"r.:](). Tlie motor-speed is consecjnenlly 5 r.p.s. 
approximatelye In 5 minutes w“'1500, in 1 hour /?/“ 18,000, 
and in 24 hours nr”-432,000 revolutions. Now the value of m 
can be determined with eertaintv to + 1 by direct observation of 
the revolution counter and a standard clock. Therefore the 
accuiacy of the methotl is approximately ± 1/m for short intervals, 
and ultimately' becomes etjual to tliat of the standard clock for 
long intervals. An acemaey of 1 in 10,000 is »‘asilv attained. 
Dye t 1 las successfully applied the yjhonic motor method to valve- 
maintained forks of higher frequency. The motor-revolutions 
and seconds-contact.s of the standard clock are recorded side by 
side on a chronograph tape, whence the fractional part of a second 
lost or gained by the fork during a given jreriod of time can readily 
be determined. Three runs for a particular fork, ?. t intervals of 
a month, gave the values 1000*21«, 999*997, 999*87o vibrations per 
second, the corresponding temperatures being 1.3*36°C., 15'23‘’C., 
and 16*27” C. respectively. 

The phonic-motor method of counting the vibrations of a fork 
in a given time lends itself readily to the study of the various 
factors likely to influence the frequency of a fork. Temperature, 

♦ See also A. B. Wood, Joiirn, ScL Instrs., March and Aug. 1924-. 

t D. W. Dye, he. cit.; -ee also T. G Ilodgkinson, Proc. Phys, Soc.f 
39, p. 203, 1927. 
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amplitude of vibration, spring contact pressure, magnet current, 
loading of base, etc., have all an important influence on frequency. 

Temperature-Coefficient of Frequency of Forks —Change of 
temperature is one of the most serious causes of change of fre¬ 
quency of a tuning-fork. This is due mainly to the variation of 
the elastic properties of the material with temperature, the corre¬ 
sponding density changes being relatively negligible. Thus Konig 
found that the temperature-coefficient of frequency for a steel 
fork was —1T2X10 * per “C. rise of temperature. The tempera¬ 
ture-coefficient of Young’s modulus E for ordinary steels is given 
by 

Bi-E.s.U-lU-lS”)!, 

where 

=2*4X10 ^ and t=temp. °C. 

For a 25-cycle fork with mild steel prongs the writer has obtained 
a value of — 1*16X10 per “C. for the temperature-coefficient of 
frequency at ordinary room temperatures. Dye gives a value 
— 1*15X10'* per °C. between 15° and 21° C., for a fork of 1000 
frequency, and Uadourian* observed a change in the coefficient 
from —1*04X10 * at —25° C. to —IHSXlO-* at +56'’ C. 
“Elinvar” (^'/asticity muariable), one of the new nickel steels due 
to Guillaume (who discovered “invar,” which has a very small 
expansion coefficient), has a very small temperature-coefficient of 
elasticity, and is used in the best watches and chronometers. 
Forks made of this material have a very small temperature-co¬ 
efficient of frequency. A good elinvar fork, valve-maintained 
and kept at a temperature constant within ±0*1° C., remains 
constant to within one or two parts in a million. 

Variation of Frequency with Amplitude —All observations 
with ‘free’ forks agree as regards a lowering of pitch with in¬ 
creasing amplitude. In large low-frequency forks vibrating with 
amplitudes of the order of 1 mm, at the tip of the prongs, this 
effect may become of considerable imijortance. The effects are 
more complicated in the case of electrically-maintained forks, the 
increase in amplitude involving questions such as stiffness and 
length of travel of contact springs, pull of electromagnet, and so 
on. These additional complications modify the result.f Thus 
Dadourian observed with a particular type of fork with spring 
contacts, that increase of amplitude first lowered and then raised 

* Dadourian, loc. cit. 

t See papers by Dadourian, Wood, and others, loc. cit. 
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the frequency, indicHting a best working ainpHlude (where dN/da 
is a minimum) for the fork, E. Mallett* has sliown that this change 
of frequency with amplitude results in a distortion of the resonance 
curve for a tuning-fork vibrating at laige amplitudes—similar 
effects being noted for vibrating reeds, vibration galvanometers 
and telephone receiver diaphragms. 

When a tuning-fork is to be used as a time-standard therefore, 
it is iiiiportant that its amplitude (and conditions of maintenance) 
should be defined. A simple ‘V’ diagram attached to the lip of 
the prong is a very convenient indicatiorr of amplitude—when in 
vibration the ‘V^’ assumes a double form W, the point of overlap 
being well defined. By means of a series of equidistant horizontal 
lines crossing the ‘V’ symmetrically, it is a simple matter to 
determine the amplitude in terms of the angle of the ‘V’ and the 
distance apart of the horizontal lines. 

Clock-controlled Forks^-- K-onigf devised a cien k in which 
the pendulum was replaced by a tuning-fork, a small escapement 
mcchaiiisiii controlling a (rain of wIum'Is and irnjrarting a small 
impulse to the fork at eaclr vibration, 'I'lius the vibrations of the 
fork were maintained meclianically and v\t‘re counted by means of 
dial wheels. 1). (k Miller^ has employed this 'clock-huk' to deter¬ 
mine the fre({iienc.y of standard forks l)y the method of coin¬ 
cidences. T’he variations of frequency of a fork lunning in this 
manner are considerable, small crrois due to vanous causes, e.g. 
temperature changes, are cumulative, and the final error may be 
serious. O. W. Dye § and the writer jj iude])endentlv devised 
methods of controlling a low-frcqucncy electrically-maintained fork 
directly from a master penduhun clock. In the writer's method, 
the fork is arranged to gain slightly on the clock. When the error 
has reached a certain very small fraction of a period of vibration, 
a relay causes the amplitude of the fork t(^ increase, thereby causing 
the fork to lose sliglitly on the clock. I’he process is then repeated, 
the fork alternately gaining and losing on tin; clock 'riie extent 
of this ‘hunting’ of the fork-frequency can he adjusted to any 
desired value, depending on the ciicuiristances. In this manner 
a fork and phonic motor have been kept in exact synchronism 
with a pendulum clock for a continuous jieriod of several days. 

In Dye’s method, the seconds contacts of a pendulum clock 

** MallcU, Ptoc. Phyit, Soc., 39, pi. 4, pp. 334-358. JinU' 1927. 

■f R, Konig, Quelqiies Experiences Acoustique, p. 173, Paris 1882. 

.t Miller, Science of Musical Sounds, p. 38, cic. 

§ D. W. Dye, Phys. .“soc. Exhihilion, Jan. 1927. 

II A. B. Wood, Phys. Soc Exhibition, Jan. 1927. 
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give a direct impulse to the fork through the exciting magnet. 
The fork itself is ‘free/ i.e. carries no mechanical contacts. 
Provided the frequency of the fork is sufficiently near to a whole 
multiple of the frequency of the pendulum a vigorous vibration 
will be maintained and the fork will be ‘corrected’ every second 
by the impulse from the standard pendulum. The accuracy of 
the fork is therefore equal to that of the master pendulum clock 
at the National Physical Laboratory. 

The Tuning-Fork as a Standard of Frequency (Sonic 
Supersonic, and Radio) —The Multivibrator. A valve-maintained 
elinvar fork in a cons-tant tcmperatuie enclosure is capable ol 
remaining constant in frequency within one part in a million. 
'Hus high order of accuracy caii be attained for tuning-forks of 
any frequency up to one or two thousand per second. Making 
use of a device known as a ‘‘Multivibrator/’ invented by 
H. Abraham and E. Bloch,* D. W. Dyef has applied the accuracy 
of the elinvar tuning-fork to standardise supersonic and radio- 
frequencies. 

The multivibrator is an ingenious device which makes use of 
two thermionic valves to produce a fundamental alternating 
current very rich iv harmonics. The circuit is shown in fig. 44. 





HHW 


Fig. 4^ 

(d) Abraham-BIoch Multivibrator (6) F, valve-maintained fork ; M, 

multivibrator ; W, standard 
wavemeter ; A, amplifier ; 
H, heterodyne 


In a particular type of apparatus giving a fundamental of 1000 
cycles per second, the values of resistances and capacities are as 
follows: Ri=:R 2~50,000 ohms (inductively wound), ri=r 2 — 
75,000 ohms (non-inductive), Gt and C 2 are subdivided and 
adjustable condensers giving any value up to 0*008 microfarad. 


• Abraham and Bloch, Comptes rendiis, i. 168, p. 1105, 1919. 
tD. W. Dye, (1) Trans. Roy. Soc., 224, p. 259, 1924 ; (2) Proc. Phys. 
Soc., 38, pp. 399-458, Aug. 1926 ; see also Dictionary 0 / Applied Physics, 
2, ‘Electricity,’ pp. 633-634; and W. Hansel, Phys. Zeits., -30, p. 274, May 
1929. 





VIBRATIONS OF A RING 


137 


The fundamental frequency of oscillation of the circuit is approxi¬ 
mately N=l/(Ciri-l-C 2 y' 2 ), all the harmonics up to a very high 
order being present also. These can be selected up to the 120th 
by means of a tuned (LC) ‘selector’ circuit. ]f, therefore, the 
multivibrator is controlled by an elinvar fork of freciuency 
1000*00 (temperature coefficient-}-12X10 per i°C.) a‘spectrum’ 
of frequencies, all (xact multiples of 1000, will be obtained. T’his 
control IS brought about by injecting a small e.ni.f. from an 
electrically-maintained elinvar fork into the multivibrator circuit. 
Xligher ficquenties are obtained by the use of a second multi¬ 
vibrator giving impulses at the rate of 20.000 per second. This 
instrument is kept in harmonic synchronism n ith the fork- 
controlled one Iry the intermediary of .\ fixed-frefjneney resonant 
circuit set to 20,000 cycles/scc. With tire second instrument 
harmonics uj) to the 75th can he observed, con’esj)oi\ding to a 
frequency of I’5X10" ryclos/sec. It is thotefore ])ossible to 
obtain standard frequencies as accurate as ilie frequency of the 
elinvar fork, at imcrvals of 1000 u}> to 1*5 million cycles/sec. 
Not cinlv can .rl! frequencies which are multiples of 1000 be set 
exactly, but a veiy great muiilrer of subsidiary frequencies may 
be obtained within each belt of 1000 cycle*!. Thus, whenever the 
source Iras a frequency vi*iy close to N-~1000 f/± l/rl, where / 
and r are rnteg(:rs, a slow-synchronisation beat is heard. With 
care, further inUumt'diatc frequencies carr he located. It is never 
ircccssnry to interpolate by mor'e than about two cycles/scc. from 
a frequency that i'i known. Such nreasuiemcnts arc made po«!sible 
by the extreme steadiness of the frequency of the tirning-foi’k.* 
Tn this way a wide laiige of standard iVecpiencics mav be covered 
in very .small steps, the degree of aemracy being fixed by the 
accuracy of the elinvar tuniirg-fork which stabilises the whole system. 

The frcciuency of the fork is determirred by means of the 
phonic-motor method outlined above. All frequencies are there¬ 
fore referred ultimately to a standard pendulum clock. 

Vibrations of a Ring 

The problem of the vibrations of a curved bar may be regarded 
as an extension of that of a straight bar. Apart from tuning- 
fork.s, which we have just considered, the most important case is 
that of a circular ring.f The theoretical frequencies of three 
types of vibration are as follows; — 

* S"e also R. W. Young and A. Loomis {J. Ac. Sor. Amer., 10, 112, 
1938), and O. H. Sclmck (/. Ac. Soc. Amer., 10, 119. 1938), 

t See Lamb, Soutid, pp. 1.33-138. 
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(a) Flexural Vibration in the Plane of the Ring —^The frequency 
N of any given partial is 


N 


L . - 1 ) . 1^ 


(X) 


where s, k> li, and p have the meanings assigned in the case 
of straight bars. The mean radius of the ring is 'fl/ The 
most important case is that of ^=2, where the ring oscillates 
between two slightly elliptical extreme forms. The fre¬ 
quencies are comparable with those of transverse vibration of 
a bar, 

(b) Flexural Vibrations Perpendicular to the Plane of the Ring —■ 
Mitchell (1889) found, for a ring of circular cross-section, 

1 K Te 

2n ■ ^/?+er + l ’a^Mp 
(o- — Poisson’s ratio.) 

(c) Extensional Vibrations —In this case the ring remains in its 
own plane, being alternately stretched and contracted, 


N= 


2na 



(3) 


When 5=0 the vibrations are purely radial, the frequency being 
given by the ratio of the velocity of sound to the circumference of 
the ring. 

The sequences of tones given by equations (1) and (2), for 
the flexural vibrations of the ring, agree with those found 
experimentally by Chladni. The flexural vibrations are not 
purely radial. In case (a) when 5=2 there are four nodes, 
the elliptical forms cutting the mean circle in four points. 
At these four points there is no radial motion, but the tangential 
motion is a maximmn. This is exemplified by the vibrations 
of a partially filled tumbler when excited by gently drawing 
a wetted finger along the edge, the nodal points being in¬ 
dicated by the crispations of the surface of the water in the 
tumbler. 

A practical application of the extensional radial vibrations (see 
equation 3) of nickel rings excited raagnetostrictively (see p. 145) 
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has been made by Wood, Smith and McGeachy.* A cylindrical 
pile of annular nickel ring stampings, either consolidated or loose, 
is magnetised by an impulsive discharge from a condenser 
through a toroidal winding. This causes the ring to shrink 
suddenly and then oscillate freely at its fundamental radial 
frequency. This is given by equation (3), which in the case of 
the fundamental when may be written 



(3«) 


where c is the velocity of sound in the nickel lamination. For 
example, it was found that annular stampings of mean diameter 
10 cm. resonated at a frequency of 15,900 cycles/sec., indicating 
a value of c=5Xl0® cm./sec. approximately. 

S. Butterworth and F. D. Smithf have developed a theory of 
the magnetostriction ring-oscillator in which ihc mechanical 
constants arc replaced by an equivalent electrical circuit (see also 
pp. 149—150 for the corresponding case oi a qviarlz piezo-electric 
oscillator). It is shown that the ring oscillator can be represented 
by an equivalent circuit comprising a pair of parallel impedances 
Zc, Z^, in series with an impedance Zi, where Zi represents 
leakage impedance, impedance due to core flux (hysteresis 
and eddy currents) in the absence of motion, while Z is a 
resonant shunt to Z^ and represents the effect of the motion. The 
circle diagram of impedances is deduced and certain important 
geometrical relations between the vectors in the diagram arc 
derived. An experimental investigation of the resonant radial 
vibrations of solid and laminated nickel rings verifies the theo¬ 
retical deductions and gives values of the magnetoslrictive 
constants of annealed nickel in agreement with those of other 
observers. 

A quartz ring piezo-elec trie oscillator (see p. '47) was con¬ 
structed and tested by D. W. Dye as a precision standard of 
frequency.J The ring was cut in a jflane perpendicular to the 
optic axis—inner diameter 75*28 rnm., outer diameter 98*60 mm., 
and thickness 16'28 mm. Six pairs of electrodes were ased to 
excite the ring, alternate pairs being cross-connected, so that the 
applied voltage tends to expand and contract all segments of the 

* *A High Frequency Magnetostriction Echo-Depth Sounder,’ LEJE, 
Journal, 76, p. 550, 1935 ; and Pat. Specification 375, 375. 

tPAys. Soc. Proc., 43, p. 166, 1931. 

t See L. Essen, Roy. Soc. Proc., A, 155, p, 498, 1936, 
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ring at the same time. The fundamental radial vibraticm is thus 
encouraged. Tlie frequency of this ring was found to be 
20,000*00 cyclcs/sec. Substituting the values E=7’85X10^^ 
and p=z2‘6b for quartz, the theoretical frequency of this ring is, 
from equation (3), 19,970 cycles/sec. By means of a frequency 
de-multiplier circuit the standard 20 k.c./sec. of the ring is 
reduced to 1000 cycles/sec., which is used to drive a phonic motor 
operating a clock dial in hours, minutes, seconds, and provides 
impulses of 1 second, 0*1 second, and 0*01 second. The ‘rate’ of 
this clock over a period of months was within ^ O'002 second per 
day, or the frequency of the quartz ring was within ± 2 parts in 
10® of its mean \aluc 20,000*0002 cycles/second. This quartz 
ring has been used as a check on the accuracy of astronomical 
time-signals. 

Another form of cylindrical quartz ring oscillator has been 
made by L. Essen,* designed to have high-frequency stability. 
The ring has a radius about 2’7 cm. oscillating at an overtone 
frequency of 100 kc./sec.. with six nodes on the circumference. 
The mean circumference of the ring in this mode of vibration 
reinairis unchanged and there is little air damping even at atmo¬ 
spheric pressure. 

The various modes of vibration of a circular plate and 
annular rings have been demonstrated by W. Hort and 
M. Kbnig.f The annular rings vv^ere formed by cutting holes 
of increasing radius ri in a disc of radius the ratio ri/r^ 
v'arying from 0 to about 0*9. The mm'.erous radial and cir¬ 
cular nodes which are possible were clearly .sho^vn by means of 
sand figures. Even with the narrowest annular ring (ri/r2“0*9) 
a circular node was obtained approximately midway across 
the face of the ring. The results were in general agreement with 
theory. 

The theory of vibration of rings has application in the com¬ 
plicated study of the vibrations of bells (see p. 177). 


LONGITUDINAL VIBRATIONS OF RODS 

Whep a rexi is set into longitudinal vibration, croiss-sections 
vibrate to and fro in the direction of the axis which remains 
undisplaced. The quantities involved are the density and 
elastic properties of the material. When a rod is stretched 

* Phys. Soc. Proc, 50, p. 413, 1938. 
t Zeits, /. Techn. Physik, No. 10, p, 373, 1928. 
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in the direction of its length the increase of length is accom¬ 
panied by a contraction in the cross-section. If the rod is 

very short the motion of a particle near the surface is not only 
longitudinal but also transverse—the latter motion may be 
comparable with the former. If, how'ever, the length of the 

rod is large compared with the diameter, the longitudinal motion 
predominates and the transverse motion becomes negligible. 
We shall, in what follows, assume that this condition holds, viz. 
that all transverse sections vibrato to and fro along the axis of 
the rod. 

Now the force required to stretch a rod is proportional to the 
area of cross-section and tlie mass set in motion is also proportional 
to this area. Consequently, for a parlic.ilar length and material 
the frequency and modes of pure longitudinal vibration of the 

rod will be independent of die area and shape of the cross-section. 

Thus lubes and solid rods, otherwise alike, will have the same 
longitudinal fretiuency. '1 his rule is of course definitely not 
applicable to trairsverse vibrations of mds. 

Consider a rod of uniform cross-sei lion and an elementary 

slice bounded liy two planes, at .r, distant apart and at right 

angles to the axis x of the rod. If a plane at x is displaced at time / 
to ( r-f-^) the plane at (.v-|-oa-) will be displaced to 

that is, the fractional elongation of the slice Sx is d^/dx. T'his 
change of length of the slice implies a difference in the forces 
acting on its faces. The total force acting on the face at x will 
be YuAd^/dx, where E is ^’’oung’s modulus* of elasticity. Simi¬ 
larly at the opposite face of the slice the force will be in the 
opposite serise and equal to 



Consequently the resultant force acting on the slice will be 

EA • v-o • Sflj. 


* Young’s modulus E is determined by stretching a bar statically, 
lateral contraction being permitted during the extension. 
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Now the mass of the slice is equal to pAhx, where/j is the density 
of the material, and the acceleration is Hence we obtain 

the relation 


that is, 


AX 


So;, 


dH^E . dH 
dir p dx^ 


( 1 ) 


an equation of the same foim as that obtained for the transverse 
motion of a string, ijidiraling vvaves travelling in opposite direc¬ 
tions with equal velocities, cz=\/E/p. The general solution is 


^=/ci “!r) + P(c^'f sc) ... (2) 


Assuming $ varies as cos nt, 


and 


d't^ 




dx^ 



nz 

cos-hB sin 

c 



cos nt 


(3) 


which is analogous to equations obtained for stationary waves on 
a vibrating string. In a rod of finite length, the direct and end- 
reflected waves inteifere to form nodes and loops in accordance 

with the relation c=NA.(that is, N—as in the case of 
strings. 

Case I —Rod free at both ends. Each end must be an antinode, 
that is, the displacement ^ is a maximum at x—0 and xr=zl. This 
implies in equation (3) that B—0 and whence nl/c—sv 

(where j—0, 1, 2, 3, etc.). The ca.se of is inadmissible, so 
w'e may write for the frequencies of the partials 

which represents a complete harmonic series. A similar result is 
obtained for a rod clamped at both ends (|=0 when x=:0 and 1) 

Case II —Rod clamped at the midpoint. All the even harmonics 
must now be absent, for the midpoint must always be a node and 
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the ends antinodes. The frequencies of the partials are therefore 
proportional to the odd numbers, i.e. 

( where 3, 6 , etc. ) . . (5) 

The fundamental has the same frequency here as in Case I. 

Case III— Roe^ clamped at one end only. Since this end must 
be a node and tlie free end an antinode, the length of the rod must 
be an odd multiple of X/4. At the fixed end Af=:0, f“0, whence 
A in equation (3) is zero, whilst at the free end ^ is a maximum 
(equal to B) and nljc'—sirf^l where 5 is an odd integer.- I'he 
partials are therefore represented by 

N*= 7 : ( where «— 1 , 3. 5, etc ) . . ( 6 ) 

The frequencies given by equations (4), (5), ( 6 ) are all subject to 
the proviso that the diameter of the rod is always small compared 
with X/ 2 , and that the lateral bulging and shrinking may be 
neglected. These relations afford a convenient means of com¬ 
paring velocities of sound in rods of different materials. Different 
rods, of the same fundamental frequency, have lengths proportional 
to the velocity of longitudinal waves in the material. Case II is 
of special importance in this respect, since it possesses a definite 
advantage over the other two methods of supporting the rod. 
When an unbalanced force acts at a ‘fixed’ point it is essential 
that thi.s point should be very massive or rigid, otherwise slight 
motion occurs and the theoretical assumptions for a node are not 
fulfilled. If a rod is clamped at the midpoint, however, the two 
symmetrical portions react equally and in oppos’te directions at 
the midpoint. Consequently a very slight constraint is sufficient 
to fulfil the theoretical assumption that it is a point of zero 
displacement. 

The frequency of longitudinal vibrations in bars is usually very 
high cemnpared with that of the transverse vibrations, the ratio 
increasing rapidly as the dimensions of the cross-section diminish 
relative to the length. In the case of a wire (a bar of very small 
cross-section) under tension T, the ratio of frequencies (longi¬ 
tudinal to transverse) will be equal to the ratio of velocities, i.e. 
y/E/p to ■\/T/pA. If the increase of length of the wire under 
tension T be e, then TrcE^A, and the transverse wave-velocity 
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will be V^e/P- Hence the ratio of frequencies is 1 /V«j which is 
very great. 

Excitation and Observation o£ Longitudinal Vibrations— 

Longitudinal vibrations may be excited in a bar in a number of 
different ways, the manner of excitation depending largely on the 
w'ay the bar is supported and on other requirements. Bars of 
metal or wdbd, clamped at one end or at the midpoint, are set into 
vigorous vibration by the steady frictional drag of a resined cloth 
drawn with a moderate pressure along the bar towards an antinode. 
If dry, fine sand be sprinkled on the bar the positions of the nodes 
may readily be observed. Another method, more suitable for 
relatively short, stiff bars (as distinct from stretched wires), is to 
strike the end of the bar a blew with a hammer. This method of 
excitation usually results in a complex sound due to both trans¬ 
verse and longitudinal vibrations—the one or the other may be 
rapidly damped out by suitably clamping the bar. Biot, and 
subsequently Tyndall,* demonstrated to a large audience the 
stresses at the nodes of a vibrating bar of glass by means of 
polarised light. The analyser was adjusted to extinction when 
the bar was stationary, the light (passing through a node) being 
revived when the bar is set in vibration. Tyndall remarked on 
the fact that the light transmitted in the latter case is really inter¬ 
mittent. No such effects arc observed when the light passes 
through an antinod(i where the stresses are negligible. A bar of 
transparent material vibrating longitudinally might therefore be 
used as a means of interrupting a beam of jjolarised light at a 
definite frequency determined by the length and material of the 
bar. This principle has recently been revived by Kerr Grant,f 
who passed a beam of light through a quartz piezo-electric oscil¬ 
lator (sec p. 148) placed between crossed Nicol prisms. It was 
shown by means of a revolving mirror that the frequency of the 
flashes was double that of the quartz oscillations, which in a 
particular experiment /cached 144X10® cycles/sec. Various 
interesting applications of the method as an optical time-standard 
were suggested. 

Electrical Methods of Excitation —(a) Electromagnetic. 
Powerful longitudinal vibrations can be set up in bars of magnetic 
material by acting on them with currents of the resonating fre¬ 
quency. A small electromagnet (with a bundle of thin wire or ^ 


• See Tyndall’s Sotmd, pp. 16ft-170. 
tKerr Grant, Nature, p. 586, Oct. 22, 1927. 
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laminated core) mounted close to the end of a steel bar, clamped 
at the midpoint, serves the purpose very well. The magnet should 
preferably have a D. C. winding to produce a moderate flux through 
the free end of the bar, and an A.C. winding (with tuning con¬ 
denser in parallel) coupled through an auxiliary coil to a valve 
oscillator. I'he fundamental and harmonics (r—1, 3, 5, etc.) can 
readily be obtained almost pure, i.e. any particular harmonic can 
be excited free from the others and free from anj# transverse 
vibration of the bar. The resonance is extraordinarily sharp 
(indicating extremely small damping lorccs in the bar), and careful 
tuning is required. A thin disc of soft iron fhinly cemented to 
the end of a bar of non-magnetic material (r.g. glass) may similarly 
be employed to excite resonant vibrations. 

(b) Electrostatic —J. H. Vincent* has succeeded in exciting 
longitudinal x’ibrations in bars by an electrostatic method. The 
plane end of the bar, clamped at the midjioint, is placed close to 
the plane surface of a massive block of metal, the opposing surface.s 
forzning a condenser which is connected directly to the tuned 
circuit of an oscillating valve. The altcraatmg attraction of the 
condenser ‘plates’ (the bar and the bUx:k) sets up oscillations in 
the bar which res}>onds vigorously at its resonance frequencies. 
Bars of insulating material, such as fused silica, may be used in 
this manner if plated with a thin metallic coating. 

(c) Magnetostriction —Vincentf has also employed a magneto¬ 
striction method to excite such vibrations in iron and nickel. In 
this case a coil carrying alternating current (from the valve oscil¬ 
lator) surrounds the bar. The alternations in magnetic field in 
the coil induce corresponding alternations in the lengtli of the 
bar. The best effects are obtained when the bar is initially 
magnetised by zneans of a second coil carrying direct current. 
At resonance the oscillations set up may attain a considerable 
amplitude. If the exciting coil forms the inductanc e in the tuned 
plate-circuit of the valve, and a galvanometer is inserted in the 
grid circuit containing a coil coupled to the plate coil, the varia¬ 
tions in the deflections of the grid galvanometer give definite 
indications of resonance in the bar. This method is, of course, 
particularly useful at supersonic frequencies. A comprehensive 
account and bibliography of magnetostrication phenomena is given 
by S. R. Williams,J in which it is shown that longitudinal, trans- 

• J. H. Vincent, Nature, p. 952, Dec. 31, 1927. f Electrician, Jan. 1929. 
t Joiirn. Opt. Soc. Amer., 14^ p. .383, May 1927. See also The Magneto- 
atriction Oscillator,’ Newton Oaines (Physics, 3, No. 5, p. 209, 1932). 

10 
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verse, and torsional effects may be excited. G. W. Pierce* and 
J. H. Vincentf have employed the longitudinal vibrations of 
magnetostrictive bars to produce and control electrical oscilla¬ 
tions over a frequency range from a few hundreds to mote 
than 300,000 p.p.s. The method involves the interaction of a 
magnetostrictive bar and the electrical oscillations of a valve- 
circuit. The constancy of frequency obtained compares favour¬ 
ably with* piezo-electric crystal oscillators. Pure nickel and 
alloys approximating to 36 per cent. Ni and 64 per cent, iron 
(stoic metal) are stated by Pierce to give very good effects. 
Nichrome (Ni, Gr, and Fe) and Monel metal (64 per cent, Ni, 
28 per cent. Gu-f-Fe, Si, Mn) also form very powerful oscillators. 
In all cases it is desirable to use an auxiliary D.G. magnetising coil 
to polarise the bar magnetically. Pierce shows that the motional 
impedance circle diagrams (see p. 73) of magnetostriction vibrators 
indicate a very high efficiency of conversion of electrical energy 
into mechanical motion. When solid bars are used the diameter 
of the motion impedance circle dips considerably, indicating 
hysteresis and eddy-current losses at high frequencies, but these 
losses almost disappear when the magnetostriction oscillator is a 
thin tube split longitudinally. Such oscillators are convenient 
sources of high frequency (super sonic) vibrations. We shall 
refer later (p. 278) to the application of this method to the measure¬ 
ment of the velocity of high-frequency vibrations in bars of 
magnetostrictive material. 

High-frequency Vibrations in Piero-Electric Crystals 

The principal phenomena of piezo-electricity are now fairly well 
known, numerous papers having appeared within recent years 
dealing with various aspects of the subject. On account of the 
importance which it has attained, it may not be out of place to 
refer briefly to the more important features before dealing with 
the applications in sound. 

Piezo Electricity—^The discovery of the electrical effects of 
pressure on asymmetric crystals may be ascribed to J, and P. 
Guire.J They found that certain crystals (particularly the hemi- 
hedral variety with inclined faces), when subjected to pressure, 
exhibited electrical charges on their faces. The converse effect 

* Amer, Acad, Proc., 63, 1, p. 1, April 1928. 

t Electrician, 101, p. 729, Dec. 1928 ; and 102, p. 11, Jan., 1929. 

t J. and P. Cnrie, Comptes rmdus, p. 204, July 1880, and orheir papers; 
see also (Euvres de Pierre Curie, Gauthier Villara ; and article on 'Piezo 
BUectricity,* Dictitmary of Applied Physics, 2, ‘Electricity,’ p, S98, 
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was also shown to be true—that voltages applied to the faces of 
the crystal produced corresponding changes in dimensions. The 
effects were best observed in slices cut in certain directions from 
the natural crystal. The phenomena may be observed in a large 
number of crystals,* but the best known examples are quartz, 
tourmaline, and Rochelle salt. Of these, Rochelle salt gives by 
far the largest j)iezo-elcctiic effect, but on account of the inferi¬ 
ority of its mechanical properties its practical imporfiknee relative 
to quartz and tounnaline is greatly diminished. 

Referring to fig. 45, which icprescnts a transverse section of a 
quartz crystal cut in a ])lanc 
perpendicular to the optic 
axis, the doited lines EjEi, 

E 2 E 2 , E 3 E 3 are the three elec¬ 
tric axes parallel to the boun¬ 
ding faces of the crystal. Plates 
or bars are cut from tlie 
crystal having the length I per¬ 
pendicular to one of these 
axes, e.g. E 2 E 2 in fig. 45, the 
breadth b parallel to the optic 
axis, and the thickness t 
parallel to the electric axis. 

When such a plate is placed 
in an electric held, in the 
direction of the thickness, its 
length I and tliickness t change 
—the length increasing and the tliickness diminishing, or vice versa. 
The two strains are such that there is no change of volume in the 
crystal. 

Resonant Vibrations of Crystal Slices —It will be evident, 
when alternating voltages are applied to the crystal slice, there 
will be corresponding alternating stresses and strains in its 
length and thickness. When the frequency of such alternating 
voltage coincides with one of the possible modes of vibration of 
the slice large resonant vibration will occur. Such vibrations 
may truly be regarded as longitudinal, whether they are attrib¬ 
utable either to the thickness or to the length of the slice. 

Even with the largest crystals of quartz obtainable the dimen¬ 
sions of such slices must necessarily be small and the natural 

* See article by F. Pockris, Winkelmmn's Handbuch der Physik, 4. 
pp. 766-795. 
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vibrations correspondingly high. Possible frequencies of such 
a bar will be 

»• 6 . 

The value of E/p will, of course, depend on the particular axis 
chosen—for Jthe elasticity varies with direction in a crystal. The 
difference in the and axes is, however, very, small, and an 
average value of r=>/E/pniay be taken as 5*5X10® cm./sec. 
A rod 5 cm. long and 0‘5 cm. thick will consequently have fre¬ 
quencies which are approximately multiples of 5" 5X10^ and 
5*5X10® p.p.s. In addition to such longitudinal modes of 
vibration various flexural modes are possible.* The frequencies 
are also modified by the fact that the ‘bar’ of quartz approxi¬ 
mates to a plate and various complex modes of vibration are 
possible and may coexist. 

The piezo-electric properties of ciy’stais have been applied to 
numerous purposes. We shall consider two of the most im- 
}3orlant, viz. {«) as fretpicnry standards, and (b) as sources of high- 
frequency vibrations. 

(a) Piezo-Electric Resonators and Oscillators. Quartz Standards 
of Frequency —W. G. Cadyf has devised an extremely ingenious 
and accurate method of standardising high-frequency oscillations 
by the combination of a quartz resonator (of the type just described) 
and a three-electrode valve. The ‘resonator’ with its electrodes 
is connected in parallel with the condenser of an oscillatory circuit 
tuned approximately to the required resonance frequency of the 
quartz. A current-measuring device in series with the induct¬ 
ance coil of the oscillatory circuit indicates a sudden change 
in current at a frequency corresponding to resonance in 
the quartz. This change is due to a characteristic variation in 
the effective capacity and resistance of the resonator as the fre¬ 
quency passes through resonance. As a typical example Cady 
cites a quartz resonator SOX'^Xl’^ rn.m.s. vibrating longitudinally 
in the direction of its length. The fundamental frequency was 
found to be 89,870 cyclcs/sec. The effective capacity, normally 
4*5X10 farads, becomes 42’2X10 at 89,860, decreasing to 
the nonnal value at 89,870 and becoming—32‘2X10 at 89,880 
cyclcs/sec. Further increase of frequency .returns the capacity 

* See J. R. Harrison, Proc. Inst. Radio Eng., p. 1040, etc., Dec. 1927. 

j- Proc. Inst, Rad. Eng., 10, p. 83, 1922 ; Phys. Rev., 19, p. 1, 1922 ; 
Joarn, Optical Soc. Amcr., 10, No, 4, April 1925. 
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gradually to its normal value again. The changes of oscillating 
current and effective capacity are shown in fig. 46. It will be 
seen that the current descends to an extremely sharp minimum 
at resonance. A variation in frequency of one part in lO'^ pro¬ 
duces a marked change of current. The logarithmic decrement 
of tlie resonator is only 0 00066 per cycle. The effectiveness of 
the resonator as a frequency-standard is due entirely to the.se very 



Fig. 46 

rapid changes in effective ca})acily and resistance over a range of 
frequency coiiipiising only a small number of cjrles near reson¬ 
ance. Cady found also that the teniperatiirc-coefficient of the 
longitudinal vibrations (in the direction of the length) was only 
about 5 in 10” per degree C.—in the direction of the thickness 
(electric axis) this becomes 20 in 10”. Cady also constructed 
compound resonator's of quartz and steel vibrating at lower 
frequencies, of the order 10“* cycles per second. D. W. Dye* 
has developed the theory of the quartz resonator, using as a basis 
a theorem due to S. Butterworth,t in which the mechanical quartz 
* Ptoc. Phys. Sor., 38, p. 399, Aug. 1926. 

t Soc., 27, p, 410, 1915. See also Giebe an<l Schiebc, 

£Uts. f, Physik, 33, p, 335, 1925 ; Mallptt and Terry, Wireless World, 
16, p. 630, 1925 ; and Schiebp, Zf/Ys. /. liochfrcqucnztechn, 28, 1. p. 
15, 1926. 
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system is replaced by an equivalent electrical circuit containing 
a capacity G, inductance L, and resistance R in series all shunted 
by a capacity Gi. In a particular case of a quartz bar 7'OX0‘6X 
0*15 cm.j Dye found experimentally that G=0‘08 ft , ft fd., 
R=1500 ohms, L=160 henries, Gi=8 ft ft fd., 27rN=275,000, 
giving a log. dec. 10'*, and the diameter of the motional impedance 
circle (see p, 74) no less than 100 megohms. On such a basis 
almost perfect agreement exists between the forms of current 
curve (Gady) obtained theoretically and experimentally. In the 
following table (taken from Dye’s paper) are given the observed 
frequencies of the partials of two quartz vibrators, with the corre¬ 
sponding temperature-coefficients. 



Bar dimensions 

in m.ms. 

Mode of 

Frequency 
cycles per 
second. 

Temperature- 

coefficient, 


Length. 

Thick¬ 

ness. 

Breadth. 

vibration. 

parts in a 
million. 

A 

47*0 

3*3 

7*50 

Fundamental 
Overtone, 3 

5 

7 

58,675 

174,450 

293,750 

414,000 

- 10» 

- 3-Ob 

-49 

-70 

B 

62'2 

1*52 

7*54 

Fundamental 
Overtone, 3 
if 5 

„ 7 

44,120 

130,850 

219,840 

304,650 

4‘0o 

~15‘0, 

- 5-Oa 
-66 


The frequencies of the partials are approximately in the ratio 
1, 3, 5, 7, as would be anticipated from the simple theory. The 
agreement is not exact, of course, for bars of such cross-sections 
and lengths are not likely to conform with the simplifying assump¬ 
tions (see p. 141) that all cross-sections vibrate in the direction of 
the axis of the bar. Transverse stresses and strains must neces¬ 
sarily exist, these becoming more important the shorter the 
vibrating segments, i.e. the higher the partial. This deduction 
is confirmed by the values of the temperature-coefficients. The 
mean temperature-coefficient of frequency for a quartz bar 
vibrating longitudinally was found to be—5X10“* 1** C. rise 

of temperature, whereas for a plate vibrating in the direction of 
its thickness (the electric axis) the coefficient lies between —30 
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and —70X10 The higher temperature-coefficients for the 
higher partials therefore suggest motion in the direction of the 
electric axis as well as longitudinally. 

Small plates or rods of quartz having frequencies of more than 
a million are easily obtained, the frequency of resonance being 
indicated with great accuracy by Cady’s method. E. Giebe and 
A, Scheibe* have introduced a novel alternative method of 
indicating resonance. The quartz plate or rod is supported 
between a pair of electrodes inside a glass tube containing a 
mixture of neon and helium at reduced pressure. At resonance 
the alternating potentials developed on the faces of the crystal are 
sufficient to produce a luminous discharge in the gas surrounding 
the crystal. The glow increases in brightness as the resonant 
frequency is approached, reaches a well-defined maximum and 
dies away again beyond the resonance peak. This type of quartz 
frequency standard is extremely simple to use and may, when used 
intelligently, give an accuracy of frequency setting of a few parts 
in a million. Resonators of this type have been made for fre¬ 
quencies ranging from 10^ to 10^ cycles/second. For the lower 
frequencies bars vibrating transversely are used, whilst at higher 
frequencies longitudinal vibrations are excited. 

Reference has already been made to Dye’s quartz ring oscillator 
(see p. 139). Resonators and oscillators of tourmaline have also 
been used in the hope that the mechanical i3ropertics of this 
piezO-electric crystal would prove superior to those of quartz 
at extremely high frequencies. It has been used successfullyf at 
frequencies of the order of 10® cyclcs/second, but for various 
reasons it has not superseded quartz as a high-frequency standard 
resonator or oscillator. 

As an example of the extreme accuracy which is attainable in 
the frequency comparison of quartz oscillators, reference may be 
made to measurements made by G. A. Tomlinson and L. Essen.J 
At the suggestion of the writer,$ an attempt was made to detect 
the change of frequency of a quartz rod, on the basis of the 
Lorentz-Fitzgerald contraction, as it was turned in a horizontal 
plane. Accurate measurements are made of the vibration 
frequency which should vary with the length, if the length only is 

* Hochjrequenziech. u. Elektroakustic, 41, p. 83, 1933, and 43, p. 37, 
1934. 

t Hertz Inst, EJV.T., 10, p. 229, 1933 ; and G. W. Fox and M. 
Underwood, Physics, 4, p. 10, 1933. 

i A. B. Wood, G. A. Tomlinson and L. Essen, Roy. Soc. Proc,, A, 
158, p. 606, 1937. 
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affected. Relativity theory, how'ever, predicts that no change 
should be observed and that the change of length should be 
exactly compensated by change of sound velocity in the quartz 
according to the orientation of the bar with respect to the 
direction of its motion. The experiment was made witli two 
similar longitudinal quartz oscillators, one rotatable and one 
stationary, the relative frequency being measured. The result 
fully confinns the relativity prediction. The experiment showed 
no change of frequency exceeding ± 4 parts in lO’^', or less than 
1 per cent, of the estimated Lorentz-Fitzgerald contraction 
(5 parts in 10®), due to the eartli’s orbital motion. Thi' experi¬ 
ment is in some respects analogous to the Michelson-Morley 
experiment, but yields a much higher degree of accuracy. 

Useful data relating to piezo-electric resonators and the effect 
of electrode spacing on frequency have been published by W. G. 
Cady,* who also deals with the longitudinal piezo-electric effect 
in rochelle salt crystals. 

The extensive uses of quartz resonators and oscillators for the 
frequency control of radio transmitting circuits and as selective 
filters in receiving circuits are well known. Reference should be 
made to current literature in wireless telegraphy and telephony 
for details. 



Fic. 47 —Quartz Oscillator (Pierce) 


Quartz Oscillators as Frequency Stabilisers —^The work of 
Cady and Dye which we have just considered deals with the 
quartz resonatoTj which gives a transient response as the electrical 
frequency passes through the resonant frequency of the quartz 
bar. Cady also devised an oscillator for maintaining the quartz 
at its resonant frequency. A more convenient arrangement has, 
however, been devised by G. W. Pierce.f Fig. 47 represents a 

* Physics, 7, p. 239, 1936 ; and Phys. Soc, Proc., 40, p. 646, 1937. 
t G. W. Pierce, Proc, Amer. Acad., 59, No. 4, Oct. 1923 ; and 60, 
No. 5, Oct. 1925. 
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similar circuit in which the quartz ‘oscillator’ Q reacts in such a 
manner on the valve circuit that its oscillations are maintained. 
The writer has found it desirable, for satisfactory working, that 
the natural frequency of the tuned LC circuit should be slightly 
lower than that crystal mode it is desired to excite. The com¬ 
mencement of oscillations is marked by a sudden drop in the 
plate current of the valve. The frequency of these oscillations is 
determined by the frequency of the quartz alone, being practically 
independent of the variables in tlic valve circuit. I’he arrange¬ 
ment may be regarded either as an electrically maintained 
mechanical vibrator emitting sound waves of a definite frequency, 
or as a mechanicaily controlled valve oscillator generating alter¬ 
nating current of this frequency. We shall refer later (sec p. 274) 
to the application of this device in measuring sound-v'elocity in 
gases. 

(b) Piezo-Elcctric Sources of Sound—The (kiiies show'cd that 
the quantity of electricity q liberated when a total force */’ 
applied to a quartz crystal slice is given by 

qi-=Kf 

when the force is applied in the direction of the electric axis, 

< 72—0 

when the force is applied along the optic axis, and 

(7a—— 

when applied in the third direction {i.c. the length, at right angles 
to both electric and optice axes). Conversely, it was shown that 
the application of a voltage V to the faces at t'le ends of the 
electric axis resulted in changes of length 

in the direef^ion of the electric axis, and .... 


Ss=~Kiy/t 

in the third direction—no change of length being observable 
in the direction of the optic axis. The constant /( of the 
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above relations is given by Cuire as 6*3X10~® G.G.S. units of 
charge. 

The longitudinal expansions and contractions of a strip of 
quartz subjected tc alternating e.m.f. of known magnitude may 
serve as a standard of amplitude at audible frequencies provided 




M.C. Oscillator 
& Receiutr 



Outer Electrode. Layer of Quartz Slabs. 

Fig. 48—Langevin Quartz Supersonic Transmitter 

the frequency of the e.m.f. is low relative to the natural frequency 
of the quartz— a, condition which is easily attained in practice. 
This method of producing sound vibrations of definite amplitude 
has been employed in determinations of the minimum amplitude 
audible at various frequencies. It provides a convenient means 
also of calibrating sound receivers in terms of known amplitudes 
of vibration. Piezo^electrk oscillographs* have been constructed, 
in which use is made of the alternating expansion and contraction 
of a strip., of quartz or Rochelle salt when subjected to alternating 
e.m.f.’s. The small displacements of the free end of the strip 
are mechanically and optically amplified, and photographically 
recorded. 

The piezo-electric properties of quartz and Rochelle salt have. 

• See papers hy C. E. Wynn Williams Fhil. Mag., p. 289, Feb. 1925 ; 
and A. B. Wood, PhU, Mag., p. 631, Sept. 1925. 
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been appliecPlo the production of high-frequency sound transmitters 
and receivers. Thus M. Langevin* l\as employed a slab of quartz, 
whose faces are perpendicular to the electric axis, as a transmitter 
and receiver of supersonic vibrations under water—the apparatus 
being used for depth sounding and the detection of submerged 
bodies.f The arrangement of the Langevin apparatus is illus¬ 
trated diagrammatically in fig. 48; ‘a’ is an assemblage of thin 
slices of quartz crystal placed between two metal plates of 

equal thickness and calculated according to the frequency of the 
sound to be emitted. One side of this arrangement is in contact 
with the sea, the other being shielded by means of the watertight 
box ‘r.’ The quartz-steel ‘sandwich’ is operated from a source 
of high-frequency energy—a power-valve oscillator—tuned to 
the frequency, say 50,000 cycles/sec. of the transmitter. The 
same device is used to receive the ‘echo,’ the H.F. alternating 
pressures falling on the quartz slabs producing corresponding 
e.m.f.’s. I’he electrical circuits required for receiving are similar 
to these used in radiotelephony, the heterodyne (or ‘beat’) 
principle being used to render the supersonic echo audible. 

The application of high-frequency piezo-electric oscillators to 
echo depth sounding is dealt with on p. 514. Quartz oscillators 
of large area are particularly suitable for this purpose. 

Small piezo-electric c/scillators may also be used as standard 
sources of sound. The amplitude of vibration is in some cases 
calculable, or alternatively may be measured by motional im¬ 
pedance methods (see p. 73). 

Carbon microphones and piezo-electric crystals of Rochelle 
salt may also be used as detectors of high-frequency sounds if 
suitably mounted in resonant structures.J 

Sound Radiation from a High-Frequency Piston —Langevin’s 
quartz disc transmitter depends for its action on tbe longitudinal 
vibrations set up in the direction of the thickness of the slab by 
virtue of its piezo-electric properties. The whole face of the slab 
vibrates with the same amplitude and phase and behaves in every 

• See article on "Submarine Listening,' by A Troller (Lo Nature, 
pp. 4 and 12, Jan. 8, 1921) ; and on ‘Echo Depth S.ounding,’ by 
P, Marti {La Nature, Aug. 20, 1921). 

t See also ‘Echo Sounding,’ Nature, May 9, 192.5, uP- 689^ -690; 
French Patent No. 505,903 (1918) and British Patent No. 145,691 (1920), 
Langevin ; also Hydrographic Review (Monaco), No. 3, 1924 ; ard No. 14, 
1926. 

I See 1. B. Crandall, Vibradng Systems md Sound, pp. 138 and 142 ; 
Bayleigh, 2, p. 138 and pp. 162—165. 
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respect like a piston oscillating to and fro at a very hi|^ frequency. 
If the piston has a diameter large compared with a wave-length X 
of the sound emitted into the surrounding medium, the waves set 
up will be approximately plane near the piston, becoming divergent 
at greater distances, the intensity ultimately varying inversely as 
the square of the distance from the source. The problem of 
sound-distribution around such a source is analogous to the case 
of optical diffraction of plane waves passing through a small 
circular hole.* If the diameter D of the hole is small compared 
with the wave-length X the energy is distributed spherically with 
the hole as centre. But if A is much smaller than D zones of 
maximum and mininium intensity are foimed around the axis 
of the hole. The general expression for the amplitude at any 
point P on the axis may be found, as in the analogous optical 
case, by subdividing the disc into a number m of ‘half-wave’ 
zones of equal area (see p. 332). It has been showm (p. 17) 
that the resultant effect at the point P is A sin ^ /«< , where < 
is represented by half the difference in phase at P of the disturb¬ 
ances due to the first and last zones, i.e. 


1 m\ 2:7r jtm 
T ^ X “ 2 ' 

But m\/2—T^/2x to a first approximation (where r is die radius of 
the disc and x is the length of the noimal from P to the disc. 
Consequently m~r^/Ax and < =7rr^/2X Jr. The amplitude A, 
calculated on the supposition that the disturbances all reach P 
in phase is curr^jKx^ i.e. the area of the disc divided by \x. The 
resultant amplitude A^at the point P on the axis is therefore 




A sin < xr^ 

--Ot- 

< \x 



i.e, 

A,-2«d(^.£-), 

the intensity being, of course, proportional to the square of this 
quantity. Up to the point x=t^/\ there will be an approxinmtely 
parallel beam of radiation, having a succession of maxima and 
minima of intensity due to interference of rays from the different 

* See Schiii^tcr's Optics, p. 107 ; alsi) S. Smith, TranS. Roy. Soc. 
Canada 3, 1923, p. 173, and 1924, p. 227. 
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zones into which the disc may be divided. When is very large 
(and sin «{. = <app.) the intensity, for points along the axis, will 

be proportional to — -the beam in this case diverging in the 

form of a cone. As in the optical case, the angle of diffraction 6 
for the first minimum of intensity is 

^^sin-^O'fil/r, 

this representing (for values of x large compared with r) the 
semi-angle of the beam. The solid angle of the conical beam 
approximates to 

i.e. the divergence of the beam varies directly as the square of the 
wave-length and inversely as the aiea of the disc. 

When the point P is not on the axis of the vibrating disc, the 
zones are not concentric with the aperture and the calculation 
becomes more dilBcuil. The problem may be solved analytically 
by means of the fundaincnta) c(]iiauon for the velocity-potential 
at any point P (see equation (32), p. 62 tt scq.), applying it to 
elementary areas of the disc and inlcgrating over the whole area. 
The solution has been obtained in this manner by Crandall.* 
The result may also be derived graphically as in optical treatises 
on the passage of plane 


waves through a circular ’ ° 
aperture. If the disc com¬ 
prises only a few zones, the 
axis is surrounded by differ- 0 5 
action rings of alternate 
maxima and minima of in¬ 
tensity. Such curves of am¬ 
plitudes (A sin </< ) and 
intensities (A® sin^or/sC*^) are 
shown in fig. 49 



Intensity oc 


4 s.'n oc 


' Ainphtudeci 

Y 


Fig. 40 

The sound beam radiated from the disc therefore consists of a 


primary maximum, and a number of subsidiary maxima. If the 
disc has a large area, most of the energy lies in the primary beam. 
When the radius r of the disc is small compared with the wave¬ 
length X the primary beam is wide—approximating to the non- 
directional case. 

This directional property of a large, vibrating quartz piston is 


* Crandall, loc. cit., p. 137; Rayleigh, 2, 302; see also II. Slenzel, 
‘Directional Properties of Sound Sources’ (Elecktrische ifuchrichten 
fechnik,, Rd. 4, Heft 6, pp. 239—253, 1927, and p. 165, May 1929). 
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utilised by Langevin* and R. W. Boylef in locating marine 
obstacles, such as ships, icebergs, rocky reefs, etc., and in depth 
sounding. Boyle, Lehmann, and Reid {loc. cit.) have made vis¬ 
ible the track of high-frequency beams from such a transmitter 
by means of powdered coke particles sprinkled in the track of the 
beam through water (see fig. 50). The primary and subsidiary 
beams are clearly shown. The reflection of the beam is also 



Fig. so—S upersonic Beams of Sound—showing Primary and Secondaries 

(Dr. R. W. Boyle) 


demonstrated in this manner. Using a transmitter 15*3 cm. 
diameter at a frequency of 135,000 cycles/sec., the wave-length 
in water being therefore I’ll cm. (since 1*5X10® cm./sec.), 
they found that the semi-angle 6 of the primary beam was 
approximately 5° (which agrees with the theoretical relation 
tf=sin"^ 0*61 X/r given above). A high-frequency source of this 
nature makes it possible to investigate experimentally many 

• Langevin, he. cit. 

t R. W. Boyle and C. D. Reid, ‘Detection of Icebergs by an Ultra. 
Sonic Beam’ {Trans. Roy. Soc, Canada, 3rd ser., 20, sect, iii, p. 233, etc., 
1926). 
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problems in ‘wave-physics’ which cannot be undertaken either 
with light or with ordinary (audible) sound. 

N. W. M‘Lachlan* has also dealt with the directional properties 
of a rigid disc vibrating axially, and has applied his theoielical de¬ 
ductions to the case of a ‘loud-speaker’ emitting sounds of different 
frequencies. As the tlicory indicates, the primary beam becomes 
more and more sharply directional as the frequency of the sound 
and the diameter of the disc increase. Thus the ‘rigid’ cone of a 
loud-speaker 10 cm ladius may be* regarded as non-dircctlonal at 
a frequency of 256 p.p.s., but sharply directional at 4096 p.p.s., 
frequencies which lie within the range of speech and music. 

R. W. Wood and A. L., L(wmis,t using a piezo-electric quartz 
‘oscillator’ vibrating with large amplitudes at freciuencies of the 
order SXlO^' cycles/sec., have obtained some .striking results of a 
physical and biological nature. In certain experiments with a 
crystal vibrating under oil, they estimated the pressure of the 
sound-radiation to be equal to 150 grams weight—capable of 
raising the free surface of the oil into a mound 7 cm high. 
Maximum effects were observed when the distance from the 
quartz to the ‘radiometer’ disc was a whole number of half 
wave-lengths. The method of generation of tlie oscillations was 
essentially that developed by Langevin. 

The uses of Rochelle salt as a sound transmitter and receiver 
have been demonstrated by Nicholson.f In one of the applica¬ 
tions, the crystal is attached to a special needle and serves as a 
gramophone transmitter. The mechanical stresses set up in the 
crystal .as the needle j)asses over the record produce corresponding 
electrical effects which may be anqjlified to operate ‘loud-speakers’ 
or telephone receivers. Various commercial applications of the 
piezo-electric properties of Rochelle salt arc dealt with in a 
‘popular’ paper by Russell and Cotton.§ The piezo-electric and 
mechanical properties of Rcxhclle salt have been studied by 
Valasek|| and by W. Mandell.^ The latter sliows that the 
elasticity of Rochelle salt is very small, the crv'stals consequently 
having low natural frequencies of vibration. Young*s modulus 
for Rochelle salt is of the order 3X10® as compared with 8X10^* 
for quartz and 2X10^^ for steel. 

• Proc. Roy. Sec., A, 122, p. 604, Feb. 1929 ; and Phil. Mag., 7, 
p. 1011, .Tune 1929. See also Loud Speakers (Oxford University Press). 

t R. W. Wood and A. L. Loomis, Phil, Mag., 4, pp. 417—436, Sept 
1927. 

t Nicholson, Amer. Inst. Elect. Eng. Proc.. 38, p. 131.5, Nov. 1919. 

S Russell and Cotton, Elect. Review. 92. No. 2.361. Feb. 23. 1923. 

I[ Valasek, Phys. Rev., 17, pp. 475 -481. April 1921 ; Phys. Rev., 20, 
pp. 639—664. Dec. 1922. 

ffW. Mandell, Roy. Soc. Proc., A, 116, p. 623, etc, 1927. 
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TORSIONAL VIBRATIONS OF BARS 

A solid bar or a tube of circular section may be twisted by suit¬ 
able forces in such a way that each transverse section remains in 
its own plane. If the section is not circular, however, a waiping 
of the various layers is liable to occur and the analysis becomes 
very complicated. We shall, in what follows, deal only with the 
case of bars of circular section, where there is no motion parallel 
to the axis of the bar. Provided we use the appropriate elasticity 
coefficient (the rigidity, in this case) the problem is analogous to 
the case of longitudinal vibrations. The force with which the 
bar resists a twist depends on the rigidity coefficient of the 
material (denoting the ratio of stress/strain in a pure shear). The 
relations between rigidity fi. Young’s modulus E, the bulk 
modulus K, and Poisson’s ratio a-, are 




E 


2((r+l) 


and 


j/E_ 

9//-3B 


( 1 ) 


The rigidity a must lie between E/2 and E/3, since o- lies between 
0 and 

Following Rayleigh’s procedure, consider a bar in the form of 
a thin tube of radius r and thickness SJ', and let B denote the 
angular displacement of any section distant x from the origin. 
The ‘shear’ of the material of the lube is rdO/dx. The opposing 
elastic force per unit area \s ftr. dO/dx, and since the area of 
section of the tube is 27rr. ^r, the moment round the axis is ’ 

Sr . dOjdXy 

and the restoring force acting on the slice of thickness ix has the 
moment 


2iMJtr®Sr . SjB . d^Oldx^, 

Now the moment of inertia of the slice is 2vrST. Sx .pr^, whence 
the equation of motion is 


d^d 


( 2 ) 


and this being independent of r, is equally applicable to tubes of 
all radii or to a solid bar. The velocity of torsional wave trans¬ 
mission is 


c*= V mp 


( 3 ) 
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i.e. \/E : \//< or '\/2(o—1-1) : 1 relative to the velocity of longi¬ 
tudinal vibrations. Taking Poisson’s ratio ^ as 0*25 for a steel bar, 
the ratio of longitudinal to torsional velocities beccwnes I’SS. 
Consequently the ratio of frequencies of longitudinal and torsional 
vibrations for the same steel bar will have this value also. The 
frequency of the fundamental, midpoint clamped, will be 

. ( 4 ) 

Nodes and antincxlcs for tlie various partial tones are formed as 
in the case of longitudinal vibrations. 

Torsional vibrations may be set ujj in solid bars by any con¬ 
venient means of applying tangential forces to the free end, e.g. 
by ‘screwing* a resined leather, pressed tightly round the bar. 
If the latter is rectangular in section, it is more convenient to 
‘bow’ the opposite sides simultaneously in opposite directions. 
By comparing the frecpiencies of the longitudinal and torsional 
vibrations for the same bar the. value of Poisson’s ratio cr mav be 
determined. A. O. Rankine and F. B. Young* made interesting 
observations on the various modes of vibration (torsional, trans¬ 
verse, and longitudinal) of a mild steel bar, observing the alternating 
magnetic effects produced by the alternating stresses set up in the 
bar on mechanical excitation. A short brass lever attached rigidly 
at right angles to one end of the steel bar could be struck by a load 
hammer so as to throw the steel bar into torsional, longitudinal, or 
transverse vibration. Observations with a small search coil, 
connected to a three-valv'^e amplifier and telephones, indicated 
frequencies characterising the various possible modes of vibration 
in the bar. 

Piczo-Electric Effects produced by Torsion -Reference has 
just been made to the use of a Rochelle-salt piezoelectric crystal 
in a gramophone transmitter. Nicholsonf has shoum in the case 
of Rochelle salt cry.stals of composite stnicturc that a given force 
produces the greatest piezo-elcrtric effect when it is applied to 
produce torsion around its principal axis, and advises this method 
of use for producing electrical or mechanical results. The piezo¬ 
electric constant of Rochelle salt subjected to shearing forces in 
this manner is greater than 100 times the value for quartz sub¬ 
jected to forces of compression. 

* Rankine and Young, Phil. Mag. 38, pp. 528-532, Nov. 1919. 

t Nicholson, loc. cit. 

n 
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VIBRATIONS OF MEMBRANES, DIAPHRAGMS, 
PLATES, AND BELLS 


The transverse vibrations of stretched membranes are related 
to those of diaphragms and plates in a manner analogous to the 
transverse vibrations of stretched strings and of elastic bars. In 
the former case the vibrations are conditioned by the applied 
tension and are independent of elastic forces, whereas in the 
latter the elastic forces are all-irnportant and tension almost 
negligible. 

Membranes —The theoretical membrane is assumed to be a 
perfectly flexible, uniform, and infinitesimally thick solid lamina, 
stretched in all directions by a force which is unaffected by the 
motion of tlie membrane. In all cases of practical importance 
the membrane may be regarded as having a fixed boundary. 
Denoting the tension by T, and dLsplacements by ^ in a direction 
at right angles to the plane xy of the membrane, it may be shown 
by analogy with the case of wave-motion in one dimension (t.c. 
wave-motion on a string) that 





dx'^ ^ dy^ 



( 1 ) 


where m is the surface density (mass per unit area— p Xthickness) 
of the membrane. The velocity of wave-motion is c='\/T/Tn as 
in the case of strings. 

To obtain the modes of vibration of a memb.»*ane* with a fixed 
boundary, assume $ —a cos nt, so that equation (1) becomes 


where 


411 

dx^ 




■0 


t*=n“m;T=n’=p(/T 



At a fixed edge f~0. Tt is found that the solution of (2), subject 
to this condition, is possible only for certain values of which 
determine the frequencies of the membrane. 

The complete theory of stretched membranes of various forms 
(rectangular, square, circular, etc.) is mainly of mathematical 
interest. The reader is referred therefore to the treatises of 
Rayleigh and Lamb, where the problem is fully discussed. The 
vibrations of a circular membrane have, however, certain physical 
points of interest which find practical applications. 


• See Lamb, Sound, p. 142. 
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Circular Membranes —From a consideration of forces acting 
across a circle of radius r, equation (2) for symmetrical modes of 
vibration* reduces to 


S ... (3) 

dr^ r dr 


where 


This leads to a solution of the foim 


.... (4) 


[where radius of the membrane, and Jo a Bessel’s function of 
zero order of the first kind, whose rtwts an^ 

ka/ir-(rWjb, 1-7571, 2*7.546, 3*7534 .... (5) 

tending towards (;n—J) where ni is an integer). 

The first of these roots corresi)onds to the fundamental mode of 
vibration, of fre(]\iency 


N 


076.5 J T 
2a 


( 6 ) 


(V being the radius of the membrane). In the mode there 
are (m—1) nodal circles in addition to the edge. For the nodal 
circle Ar/7r—0*7655, r/a—O* 43.56. The [t.iriials do not fomt a 
harmonic series 

Membranes, apjjroximating in some respects to the ideal, may 
be made of soap films stretched across a ntetal ring. The Ililger 
audiometer employs a stretched circular membrane of extremely 
thiit collodion to record the vibrations of the air in contact with 
it. Methods of preparing thin tenacious films of collcxlion suitable 
for such a purpose have been described by II. Pewhurst.f The 
vibrations of these inenibranes, of thickness onK a few wave¬ 
lengths of light, are examined by optical or ]:>hntographic methods. 
In order to examine the effect of tension ('n a membrane a more 
robust lamina is usually employed. 'I'hus a sheet of parchment 
may be stretched until it has a fundamental frequency of several 
hundreds per second. A thin steel membrane (0*002 inch thick) 
may be stretched, by applying symmetrical tension via a ring, 
until its natural frequency attains several thousand per second. 
Wente’sJ condenser microphone has such a diaphragm, of fre- 


* See rhiip. v, Lamb. i' Pioc. Phys. Sor.. 39, p. 39, 1926. 

tPbys. Rev., 10, p. .39, 1917 ; 21, p. 450, 1918 ; 19, p. 49B. 1922. 



164 


VIBRATIONS OF MEMBRANES 


quency about 5000 cycles per second. Attempts to stretch the 
thin steel membrane still further usually result in disaster, the 
material passing the elastic limit at greater tensions. ‘Loud¬ 
speaker* diaphragms have been constructed with highly tensioned 
aluminium alloy membranes of large area and moderate tliickness, 
having a natural frequency such as to reinforce the lower range 
of the audible scale of frequencies.* 

The various modes of vibration of a stretched steel membrane 
are very conveniently observed by employing electromagnetic 
methods of excitation. An electromagnet (‘pot type’) mounted 
suitably with respect to the membrane, and supplied with A.G. of 
variable frequency from a valve oscillator, will excite the funda¬ 
mental and the various partials as required. The magnet system 
of an ordinaiy telephone receiver will serve the purpose. The 
nodal circles and diameters may readily be obscr\'ed by sprinkling 
fine, dry sand (Chladni’s mclhcxl), which collects at the nodes of 
the vibrating membrane. Millerf lias obtained similar results 
using a glass membrane excited by means of organ-pipes. The 
electromagnetic method is, however, probably more convenient 
and instructive on account of the wide range of continuous 
frequency-variation which is possible. It provides a convenient 
means also of studying the sharpness of resonance for tlie various 
partials. Generally speaking, it will be found that the agreement 
Ixjlween theory and observation is only approximate. The 
ordinary theory takes no account of the large elTect due to the 
damping and loading eli'ect of the surrounding medium, and it is 
assumed that the stilTncss of tbe membrane is negligible. These 
assumptions are not realised in practice. 

Membranes as Sources of Sound. Directional Proper¬ 
ties—^Thc application of stretched membranes to various forms 
of musical instruments, drums, tambourines, etc., in addition to 
the uses as a sound receiver already memioned, brings us to an 
important point. 

In a drum, a membrane is stretched tightly (the tension being 
adjustable for tuning puiposcs) over an enclosed cavity, the walls 
of this cavity being relatively rigid. The aid cavity resonates to 
the fundamental of the stretched membrane and thereby reinforces 
this note. The wave-length of the note in air will be of the order 
of 10 feet (at a frequency of 100, the velocity of sound in air being 
1100 feet/sc.), whereas the diameter of the drum may be, say, 

• Whitaker, Journ. Sci. Instrs., 5, p. 39. 1928. 

f Science of Musical Sounds, pp. 151-153. 
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only 2 feet. Taking this into consideration with the fact that 
only one side of the drum radiates sound into the air, the issuing 
sound will spread spherically. Suppose now the same membrane 
be stretched on a massive annular ring, permitting both sides to 
radiate sound to the surrounding air. An observer in a position 
‘edge-on’ to the plane of the membrane will receive simultaneously 
vibrations from opposite sides of the mernbrtine, in opposite phase,^ 
and will consequently hear little or nothing. ‘Broadside-on’ to 
the membrane, however, the Uvo sets of vibrations do not neutralise 
completely owing to a partial screening effect of the remoter 
vibration by the membrane and ring. As the vibrating membrane 
is rotated through 360° therefore, the observer will hear two 
distinct maxima (160° apart) scj)aratccl by two coiresponding 
minimum (or zero) positions. The maxima v^'ill be of smaller 
intensity than the maximum observed when one side of the 
membrane is completely screened {i.c. in tli('. case of a drum). 

This directional jiropert^ of a membrane sti etched on a ring 
may also be demon.strated in the converse (’ase, wlum it is used, 
in conjunction with a small microphone attached to its centre, a.s 
a receiver of sound f llie microphone gives zero resjionsc when 
the inembrane is ‘edge-on' and maxijiiiim when ‘broadsiclc-on’ 
to the source of sound. (Sec also j). 15’).) 


Diaphragms 


When the frequency of a meuibrane can no longer be detcr- 
mine.il without taking stiffness (or elasticity) into account, wc 
approach the condition of a dia])hragm in w'hich stiffness is the 
primaiy factor and tension becomes of secondary importance, if 
not altogether negligible. The complete theory' of a vibrating 
diaphragm is even nion’ ernnplex than that of a membrane. Only 
approximate solutions have been obtained, 

RaylcighJ determined the jreriocls and motio s of a thin 
circular plate {in vacuo) rigidly clamped at the edge, regarding 
the restoring forces involved in its vibration as purely elastic. 
By means of a scries of Bc.ssel functions he found that the funda¬ 
mental frequency of vibration is given by , 


N== 


2 96 



( 1 ) 


* The membrane acting as a ‘double source’ of very small, or neg¬ 
ligible, strength. 

tSee W. II. Bragg. World of Sound, p. 172 (Bell), 
i Rayleigh, Sound, 1, p. 366, etc. 
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where ‘/i’ is the thickness, and ‘a’ the radius of the diaphragm, 
E Young’s modulus, p the density, and o- Poisson’s ratio for the 
material of the diaphragm. This value of the frequency is only 
slightly affected when the diaphragm vibrates in air, since the 
loading effect due to the added mass of air produces a negligible 
lowering of frequency. Lamb-* has dealt mathematically with 
the problem of frequency and damping of thin circular dia¬ 
phragms in air and in water, more particularly in relation to 
the reception and transmission of sound under water. A thin 
circular plate or diaphragm is regarded as filling an aperture in an 
infinite plane wall. To simplify the theoretical treatment the 
wall is supposed to be rigid and the diaphragm to be finnly clamped 
to it along the circumference, although these conditions are only 
imperfectly fulfilled in practice. Even with these limitations, a 
complete solution is not possible, but a sufficient approximation is 
obtained by Rayleigh’s method of an “assumed type”t of dis¬ 
placement. It is known that the frequency thus obtained is 
slightly too high. The type of displacement assumed 



(where ^ is the normal displacement of the diaphragm at a distance 
f from the centre, and A the displacement at the centre, r=rO), is 
justified by the fact that, in the case of the diaphragm vibrating 
in vacuo, the agreement bctv/ccn the calculated and the observed 
values is very good. 

Diaphragm in Air—The frequency of the fundamental ‘in 
vacuo’ is thus found to be almost exactly given by 

N=0-4745 4\I ... (3) 

fl ^ p(l -a^) 

which agrees closely with Rayleigh’s value in equation (1). Lamb 
also determines the frequencies of the higher partials, the numerical 
multiplier in (3) being replaced by 1*006 in the case of the vibration 
with one nodal diameter, and by 1*827 for one nodal circle. The 
partials are therefore not. harmonic. Equation (3) may be 
written 

N—0*4745 hc/a‘, 

where c is the velocity of elastic waves in an infinite thin plate of 
the same material and thickness. 

* Lamb, Roy. Sec. Proc., A, 98, p, 205, 1920. 

. t See Rayleigh, Somd, 1, p. 113 etc. 
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For an iron diaphragm, assuming 

E=*2x]0’®, />—7*8. o-^O'QS C G. S. units, 

we find 

<'“5*27X 10’’ cm./sec., 
and equation (3) becomes 


Nr:i2'fi0xi0'- h/a- ... (4) 

Thus if /z=-0*l cm. and a~-5 (in., the fundamental frequency 
in vacvo or in air will be 1000 cycles per second. 

Added Load--Lamb estimates the effective mass of an un¬ 
loaded diajDliragm <-f total mass M as e<.iuivalent to a mass M/5 
concentrated at the centre. Ll(Hise([uently a small additional 
mass m attached to the centre of tJie diaphragm may be regarded 
as a unifijnnly distributed load of mass fmi. ’^rhe. frequency of a 
diaphiagm (mass M) in air is tlieiefore diminished by a load ?n 
fat the centre) in the latio (l-|-5^?^/M) 


Nl -0 4715^*5 
a 


_ 1 _ 

%/1 + S/v/frM 


(5) 


Diaphragm vibrating in Contact with Water or Other 
Medium—-*rhe pr(.’sence of the medium (c.g, water) in contact 
with the diaphragm has two effects. Firstly, the frequency is 
lowered on account of the viilnal inen^ase of inertia of the dia¬ 
phragm due to the added mass of water; and secondly, the 
vibrations are damjiecl owing to the (meigy radiated into the 
water in the form of sound waxes. I.,amb has found, in the case 
of a diaphragm with one side only in contact with water, tliat the 
inertia of the diaphragm is increased in the ratio (1-f- /I) xvhere 


/?= 0-6689^-1 • g," 

P h 

where pi is the density of the water. The frequency in this case 
therefore becomes 


he 1 

N„=0 4745 ^ 


( 6 ) 


“When both sides of the diaphragm are in contact with ‘infinite’ 


* In arriving at this result Lamb assumes that the wave length in the 
water h large compared with the diameter of the diaphragm. 
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water the value of in this expression for frequency must be 
doubled. 

The frequency of a loaded diaphragm with water on one side only, 
and a mass m at the centre^ is clearly 


Nr.t 


= 0*4 745- 


V1 + jS + 6tn/M 


. ( 7 ) 


The above relations for the frequency are, of course, equally 
applicable whatever the medium in contact with the diaphragm, 
provided the appropriate value of (i is introduced. Thus, in the 
case of a thin diaphragm of large diameter vibrating in air, where 
the area of the vibrating surface is large and the mass of the 
diaphragm small, the added airload may produce an appreciable 
lowering of frequency. 

Damping —Equating the rate of decay of the energy of the 
vibrating diaphragm (plus the load due to the medium) to the 
energy emission as sound in the medium. Lamb finds that the 
decay-constant, in s is given by 


6 Pi _ 

36 P {1 + ^jkci 


. ( 8 ) 


(where n=2irXfrequency, and Ci=:velocity of sound in the 
medium). 

The degree of persistence of the vibration^ is indicated by the 
number of vibrations which elapse whilst the amplitude diminishes 
in the ratio \/e, viz. njlitk, whence from equations (6) and (8) 
we find 


Per8i9tence=-^7===0‘385(1 +. . (9) 

P\c 

Thus for a steel diaphragm 7 inches diameter and inch thick 
(frequency 1013 in air) vibrating in water n/2irt=5*16. In spite 
of tkis small persistence, the vibrations are still far from bdng 
*dead-beat.’ The damping, tliough considerable, is not sufficient 
to affect the frequency appreciably, this influence being of the 
order l^/n^ (see p. 35), which is less than 1 in 1000 in this case. 
There is also a considerable degree of selective resonance to 
external sources of sound, when the diaphragm is used as a 
‘receiver.’ The energy of resonance falls to one half the maximum 
when the frequency of the source differs from the natural fre¬ 
quency of the resonator by the fraction Jfc/n approximately (see 
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p. 43). Thus in the above example, where the frequency (as 
modified by the water) is about 550, the range over which the 
energy will exceed half the maximum is confined between the 
limits 530 and 570 p.p.s. approximately. 

The persistence of vibrations (measured in periods) will be 
greater, and the resonance will attain a greater maximum (and 
concentrated over a narix>wer range) the thinner the diaphragm. 
The vibrations increase in persistence the greater the load on the 
diaphragm, i.e. the sharpness of tuning; increases with the load. 

Experimental —Lamb’s theoretical deductions relative to the 
frequency and damping of circ ular diaphragms have been verified 
experimentally by Powell and Roberts.* They obtained values 
in good agreement with theory for the frequencies in air and in 
water of diaphragms of various dimensions. The theoretical 
lov^^ering of frecjucncy produced by a water load and by a load 
concentrated at the centre of the diaphratpn were also confirmed 
experimentally. The resonance frcquencier of the various dia¬ 
phragms were indicated by means of a small ‘button’ microphone 
attached to a boss on the centre of the diaphragm. Tn a further 
paper, Powellf describes exjreriments on the damping of such 
diaphragms in relation to their sensitiveness as receivers of under¬ 
water sounds. The values of resonance-amplitude and persistence 
of vibration were found to be consistent with the mathematical 
deductions of Lamb quoted above. 

The vibrations of diaphragms in air have been studied exten¬ 
sively by A. E. Kenelly,J who has also, using the ‘motional im¬ 
pedance’ principle (see p. 73), developed methods of measuring 
the efficiency of telephone receivers in converting mechanical into 
electrical vibratory energy. Kenelly’s method of studying the 
motion of a vibrating diaphragm is outlined on p. 238. The 
vibrations of a diaphragm may be excited in a number of different 
ways, e.g. by means of sound waves in tune vvltl it, or electro- 
magnetically. A novel methtxl of excitation is deiscribcd by 
C. W. Hewlett. § The diaphragm (of non-magnetic metal) lies 
between two flat colls through which a constant direct current 
flows, in such a way as to produce a radial magnetic field in the 
diaphragm. Alternating current is superposed on the direct 
current, and circular currents are induced in the diaphragm, which 

•J. H. Powell and J. H. T. Roberts. Proc. Phys. Soc., 35, April 15, 
1923. 

t J. H. Powell, Proc, Phys. Soc., 37, 15, 1925. 

t See A. E. Kenelly, Electrical Vibration Instruments. 

%Phys. Rev., 19, p. 52, 1922. 



170 


VIBRATIONS OF DIAPHRAGMS 


behaves as the secondary of a transformer. The field due to 
these currents reacts on tlie steady field and the diaphragm is set 
in vibration with the frequency of the alternating current. Con¬ 
versely, vibration of the diaphragm, as a receiver of sound waves, 
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Fir;. 51 —Damping of a Steel Diaphragm 


reacts on the circuit and generates corresponding* alternating 
currents. The arrangement therefore serves as a sound generator 
and receiver. It gives- a pure tone of constant and measurable 
pitch and intensity over a wide range of frequencies. Kerr 
Grant* describes a method of exciting a diaphragm by means of 

* Proc, Phys. Soc., 34, p. 104, 1922. 
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an air blast. The effect is based on the Bernoulli principle by 
which the diaphragm is attracted towards the jet from which the 
air issues. 

The records shown in fig. 51 were obtained by the writer in an 
experimental study of the vibration and damping of diaphragms 
under different’ conditions. , The effects of adding a load in 
reducing, and a microphone in increasing, the rate of decay of 
vibrations are illustrated in records B and D. The lowering 
of frequency produced by immersing one side of the diaphragm 
in water is shown in C as compared 'with A when both sides are 
in air. 

A comprehensive theoretical and cxjK’nmcntal study of various 
forms of circular discs and diajjhragms (flat and conical) has bc/cn 
made by N. W. McLachlan* with a view to the irnprovemcnl in 
design and j>erforTnance of loii<l-spcakers. 

Tht' mra7i poiorr radiated ficmi a vibrating diapJiragm has been 
discusst'd on p. 63. The mean amplitude ON'cr the surface of a 
vibrating diaphrajpvj. in its fundamental iivxlo, is approximately 
one-third of the amplitude; at the ce.ntre. A nmre accurate value 
may bi^ de.rived from equation (2), p. 166. 

Diaphragms provide one of the most convenient means of pro¬ 
ducing and receiving .sounds. Numerous fe>rms of diaphragm- 
type telcjihones and niicro})honcs are in daily use in the trans¬ 
mission and re])roduclii>n of sj)eech sounds. T^argc diaphragms, 
e.g. in the Fessenden oscillator (see p. 428), are ustri as se>urces of 
sound-power, in the transmission of sound over large distances 
under water. A diaphragm operated elcctromagi'ietically at its 
fundamental resonance frequency may become a very efficient 
sound generator. The choice of diaphragm will depend of 
course on the pur]:)ose in view—the most im;jortant controlling 
factor lining the medium through which the sound is to be 
transmitted. Thus a diaphragm which is suitable for transmit¬ 
ting sound of a particular frequency into air would be quite 
unsuitable for use under ^vater and vice versa. The efficiency of 
a sound generator, driven electrically, is determined mo.st simply 
from the analysis of its motional impedance over a range of 
frequencies including resonance. The method has already been 
described on pp. 73 to 75. Further reference will be made 
to the many applications of diaphragms as sound receivers and 
generators for use in air and under water. 

* Loud Speakers (Oxford University Prois), and various scientific 
papers. 
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Plates 

The vibrations of plates are easily demonstrated experi~ 
mentally, but the mathematical treatment is very complex. The 
simplest case of a vibrating plate, viz. a circular disc clamped 
at the edge (a diaphragm) has already been considered. As we 
have seen, Rayleigh and Lamb give 0*47 hc/a^ as the fundamental 
frequency of vibration of such a disc of radius a and thickness h. 
When the plate is free at the edge, howcvei', the mathematical 
treatment is extremely difficult.* Near the edge of the plate a 
peculiar state of strain exists which sometimes results in abnonnally 
large shearing forces on sections jjcrpendicular to the edge, A 
perfectly free rectangular plate cannot vibrate like a bar, with 
nodal lines parallel to one pair of opposite edges, since couples 
are required about the other pair of edges to counteract the 
tendency to anti-clastic curvature. The following general 
remarks by Rayleigh are important: “If all the dimensions of a 
plate, including the thickness, be altered in the same profxjrtion, 
the period is proportional to the linear dimensions, as in every 
case of a solid body vibrating by virtue of its own elasticity. The 
period also varies inversely as the square root of Young's modulus, 
if Poisson’s ratio be constant, and directly as the square root of 
the mass per unit volume of the substance.” 

The experimental study of the vibrations of plates begins with 
Chladni (1787). By the simple expedient of sprinkling fine sand 
on the surface of a plate he succeeded in demonstrating very 
clearly the positions of the nodal lines wh.en the plate was set in 
vibration. The figures are best obtained on a plate clamped at 
the centre of symmetry, by bowing and touching certain |x>ints 
on the edge. The marvellous variety of the patterns obtained 
in this way is sufficient evidence of the complexity of the problem. 
An illustration of a large number of jx'ssible modes of vibration 
of a square plate is given in Tyndall’s Sound (p. 143). Similar 
results may be obtained with circular plates clamped at the centre. 
Chladni preferred to use glass plates as they are easily obtained 
to the required dimensions, and their transparency permits of the 
fingers being used to damp points underneath which are shown to 
be nodal by the sand above. It is desirable to hold the plate 
where two nodal lines intersect, or at the centre of symmetiy. 
Simple figures usually correspond to low' frec{uency tones, and 
the more complicated figures to the higher tones. The number 

* See Rayleigh, Sound, 1, p, 372 ; and Lamb, Sound, p. 150. 
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and variety of Chladni’s figures are almost unlimited. Chladni 
gives illustrations of 52 figures with a square platCj, 43 circular, 
30 hexagonal, 52 rectangular, 26 elliptical, 15 semicircular, and 
25 triangular. Doubtless the possibilities are not exhausted by 
this list. 

It was found by Savart that veiy fine powder, sucli as lycopodium, 
behaves dilTerently from sand, collecting at the anlinodes instead 
of at the nodes. This effect was ascribed by Faraday* to the 
influence of currents in the .surrounding air (also in vibration). 
In a vacuum, all powders move to the nodes. 



Fig. 52 —Vibrations of Quartz Plates (stroboscopic interferometer method) 

A. Circiil.ir disc at rrsl II .ind D. S.imc disc a« A in vibration. C Rertangillar plate in vibration. 

(By courtesy of iJi D. W. Oye. F.R.S.) 


A general idea of the manner of formation of Chladni’s figures 

may be obtained by regarding them as due to the simultaneous 

« 

* Faraday, Phil. Trans., p. 299, 1831. 
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existence of two simple vibrations of the same period.* For 
example, in tlie ease of a square plate vibrating with three nodal 
lines parallel to one edge of the plate, the x axis, the same type of 
vibration is also possible parallel to the other edge, the y axis. 
The two vibrations usually take place at the same time, but the 
relative phases may vaiy and different figures result. 

D. W. Dyef has demonstrated the formation of vibration 
figures at radiofrequcncies (of the order 10® p.p.s.)—using 
small pieces of quartz (2 cm. square approximately) excited 
piezo-electrically in tlie manner previously indicated (see p, 147 
et seq .). The motion of the surface of the quartz wa^ observed by 
means of interference bands formed by reflection between it and a 
fixed glass surface. The illumination was rendered intermittent 
(stroboscopic) by means of a neon lamp flashing at the same 
frequency as the vibrations impressed on the quartz. ITie various 
nodes and antinodcs of the numerous possible mrxles of vibration 
could be readily obscrv'cd by the resultant distortion of the 
interfemnee pattern. (See fig. 52.) 

S. Tolansky and W. Bardsleyf have applied the method of 
multiple-beam interferometry to study the resonant vibrations 
of quartz crystals. The distribution of surface nodes and anti¬ 
nodes is clearly shown, and the amplitude and phase (using 
stroboscopic illumination) can be measured accumtely. 

The theory of the vibration of a circular plate free at the edge 
was given by Kirchhoff in 1850, whilst previously (in 1829) 
Poisson had calculated some of the frequeiicies and nodal dia¬ 
meters. For a plate of known lateral dimensions 

N=0'0462 chm} .... (1) 

The lowest natural frequency for a free circular plate, having two 
nodal diameters, requires 

m2=:5'*65/fl2 ^ 

and J ... (2) 

N=:0*261c/i/a‘‘= 1 

The mode of vibration having one circular node requires 
and [ . . . (3) 

Nr:=0'410cA/^2 1 


* Zf issinp. Ann. d. Physik, 64, p. 360, 1898 
+ N.P.L. Reports, 1928 anrl 1929. 
tProi. Phys.*Soc. B., 64, 224, 1951. 
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The radius ‘r of the nodal circle is given by 

T—0’67Qa .(4) 

In these expressions N is the frequency, h the thickness, and a die 
radius of the plate; c is the velocity of sound appropriate to the 
material of the plate; and in a constant for a plate of given 
dimensions. 

The above expressions for the frequency relate to tliin plates in 
which ‘/i’ is small compared with 'a. An experimental deter¬ 
mination of the frequency of vibration of circular plates of 
appreciable thickness has been made by the writer.* Observ^a- 
tions were made with (<i) steel discs varying in diameter from 6 to 
16 cm. and in thickness from 0*07 to 2*8 cm., and {b) discs of 
various materials all 2 cm. in diameter but vai 7 ing in thickness. 
In spite of the extreme variation in the thickness-diameter ratio 
(up to 1/5), the radius of the nodal circle was found in all cases to 
lie closely to O'GJa, coiniiaicd with the theoretical value 0*678« for 
a thin plate. 'I'hc liequcncy was found to intr'casc at a rate which 
was slightly less than proportional to h/a~. The results indicate 
a small but definite departure from the theoretical relations (2) 
and (3) when the plates can no longer be regarded as thin. Tire 
frccpiencies of the small discs were often as high as 10 or 20 
kc./sec., and the method was aclajrted as a means of ineasur'ing the 
velocity of sonnd c in materials only available in small cjuantities 
in the fonn of a small disc. In this way the velocities in siK'er, 
tungsten and platinum were found to be 2*7, '1*6, and 2’8XlO'‘ 
cm./sec. approximately. The small plates of high frequency were 
set into resonant vibration by means of a magnetostriction 
oscillator of controllable frecjucncy. 

A comprehensis e study of the vibrations of free rireular plates 
has been made by Miss M. D. Waller.f The ]'osilions of the 
nodes were indicated by Chladni’s method of sprii.kling fine sand 
or other powder on the surface of the discs. The method of 
excitation of the plates, however, was of a novel character. The 
vibrations were set up by touching the metal surface of the plate 
with a sharf) corner or edge of a hard piece of solid carbon 
dioxide. The maintenance of the vibrations produced in this 
way is discussed in other papers.^ By means of the solid COs 

* A. B. Wood, Phys. Soc. Proc., 47, p 794, 1935. 

tWy-s, Soc. Proc., 50. pp. 70 86, 19.18; 51, p. 831. 1939, 52, p. 452, 
1940 ; 52, 710, 1940 ; 53, 3.5. 1941 ; 62, 27, 1949 ; and Proc. Roy. Soc., 
211, 265, 1952. 

It Phys. Soc. Proc.. 45, p. 101, 19,33 ; 46. p. 116, 1933 ; 49, p. 522, 1937. 
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method of excitation. Miss Waller succeeded in obtaining all the 
nonnal vibrating nodes of free circular plates which occur in an 
interv'al of over six octaves. The nodal system of free circular 
plates consists as theory predicts only of circles, diameters or com¬ 
binations of circles and diameters. The many nodal designs, other 
than those consisting solely of circles and diameters, which are 
obtained on free circular plates are shown to consist of compounded 
normal modes of vibration the periods of which are nearly equal. 

The conditions controlling the movement of line sand particles 
on a vibrating metal plate have been studied by E. N. da G. 
Andrade and D. H. Smith.* Plates and bars were set into trans¬ 
verse vibration by means of an electromagnet supplied with A.C. 
of variable frequency and amplitude. I'hc effect of varying the 
amplitude of vibration was examined in relation to the acceleration 
of the particles. The latter consisted of finely powdered glass, 
sand, or lycopodium in air or in a vacuum. With glass particles 
the mean acceleration at the boundary edge of the nodal ‘line’ or 
band was found to be 978 cm./sec.®, almost exactly equal to ‘g’. 

A theoretical investigation of the vibrations of various types of 
circular disc! is due to N. W. McLacblan,t who deals witli the 
transitions from a flexible disc with stationary centre, to a mem¬ 
brane with a fixed periphery, and to a rigid disc. In various 
publications he also deals malhcmatically with the sound power 
radiated from flexible and rigid discs.f 

Vibrations of Curved Plates. Cylinders and Bells—The 
complex problem of tlic flat plate is still further complicated when 
the plate is curved, for it becomes increasingly difficult to separate 
the various possible modes of vibration. Rayicigh gives for the 
fundamental frequency of the flexuial vibrations of a thin cylin¬ 
drical shell 


N= •-T • \l ^ 

+ l Ok+ifi) 

where v is the number of wave-lengths into which the circum¬ 
ference is divided, 2h is the thickness of the shell, a its radius, k the 
bulk modulus of elasticity, P the rigidity, and p the volume density. 
As in the case of a diaphragm the frequency N varies as h/a^ and 
\J\lp. Fenkner verified this result experimentally. He showed 
also that the frequency is independent of the length of the cylinder, 
and the vibrations may therefore be regarded as approximately 


• Phys. Soc. Proc., 43, p, 40.‘5, 1931 
■\Pha. Mag., 14, p. 1012, 1932. 

tN. W. McLachlan, Loud Speakers (Oxford University Press). 
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two-dimensional. Fenkner found that the frequencies ot the 
partials vary as 1, 2 "67, 5*00, 8*00, 12*00. The principal mode of 
vibration corresponds to j=2, in which there are four nodes 
ir/2 apart. 

Bells —A bell may be regarded as a progressive development 
of a curved plate or, in certain forms, it may be treated as a cylin¬ 
drical shell with one end closed. Bells vary in many respects, 
e.g. in regard to relative depth and diameter, shape of cross-scction, 
and tliickness-graduations. Various forms aie approximately 
hemisi^herical, conical, or cylindrical in shape, with cross-sections 
cither circular or rectangular—in fact the variety in form is almost 
unlimited. One has only to think of such bells as church bells, 
hand bells, electric bells, submarine bells, table bells, cycle bells, 
mechanical door bells, cow bells, Chinese bells, etc., etc., in order 
to realise the extensive use and variety of this means of sound pro¬ 
duction. In practically all cases the bell is supported at the centre 
of symmetry and is excited by striking near tlie free edge. It is 
unnecessary to refer here to the numerous methods of striking, 
which must obviously be adapted to the particular type of bell 
employed. Until recently, the only recorded systematic experi¬ 
mental investigation of the vibrations of bells is that by Rayleigh* 
who gave particular attention to the characteristic.s of church bells. 
Expci-imcnling on two church bells, weighing 6 cwl. and 4 cwt. 
respectively, he found the various tones produced as follows: 
Lowest tone, 4 nodal ‘meridians,’ no nodal circle; second tone, 
4 nodal meridians, 1 nodal circle; third tone, 6 nodal meridians 
(sound best produced when the ‘clapper’ struck the bell on the 
lower thick part termed the ‘sound bow’) ; fourth tone, 6 nodal 
meridians (best elicited by striking half-way up) ; fifth, and highest 
tone, 8 nodal meridians. 

English bell-founders {e.g. Taylors of Loughbc'ough) recog¬ 
nise live chief tones in a church bell; reckoning from the 
highest they are termed the ‘nominal,’ ‘tifth,’ ‘tierce,’ 
‘fundamental,’ and ‘hum-note.’ By suitable distribution of the 
metal in the bell,. the bell-founder aims at itiaking the 
hum-note, fundamental, and nominal successive octaves. 
J. Biehlef and A. T. Jones,J in their investigations on 
the frequencies and modes of vibration of bells, refer to the 

* Rayleigh, Sound, 1, p, 235. 

t J. Bielile, Phys. Zt'it'.., 20, pp. 429 431, Sept. 15, 1919. 

t A. T. Jones. Phys. Rev., 16, p. 247, Oct. 1920 ; and 31, p. 1092, 
June 1928. 

12 
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striking note which gives its name to tlie bell. I'his note cannot 
be picked up from the bell by a resonator, it cannot be elicited 
from the bell by resonance, and it does not beat with a tuning-fork 
of nearly its own pitch. No partial tone of the bell has tlie same 
pitch as the striking note, but the fifth partial (the ‘nominal’) is 
an octave above it. 

It is possible that the ‘striking note’ is due to a ‘chattering’ or 
intermittent contact between the clapper and the bell. A similar 
phenomenon has been observed by Bond* and others when the 
stem of a vibrating tuning-lork is held lightly in contact with a 
fixed surface, e.g. a table, viz. the production of so-called ‘sub- 
hannonics’ due to intermittent contact between the stem of the 
fork and the table. Low-frequency, audible chattering may 
readily be obtained between a piczo-elcctric crystal, vibrating 
vigorously at inaudible frequencies, and a metal plate in loose 
contact with its suiface—the frequency i>f the interaiittent contact 
being perhaps 1000, whilst the frequency of the crystal vibrations 
may be 100,000. A. T. Jones, however, considers that this 
‘striking note’ is an ‘aural illusion,’ and such an explanation is not 
unlikely. Rayleigh’s remarks relating to frequency observations 
on bells are of interest in this connection. “The highly composite, 
and often discordant, character of the sounds of bells tends to 
explain the discrepancies sometimes manifested in estimations of 
pitch . . . when a bell is sounded alone, or with other bells in 
slow succession, attention is likely to be concentrated on the 
graver and more persistent elements of the sound rather than 
upon tire acutcr arid more evanescent elements, while the 
contrary may be expected to occur when the bells follow one 
another rapidly in a peal. In any case the false octaves with 
which the table (1, p. 393) abounds are simple facts of observa¬ 
tion. . . .” 

The phenomenon of beats frequently heard in the vibrations 
of a church bell is explained by Rayleigh in the following manner: 
“If there be a small load at any point of the circumference, a 
slight augmentation of period ensues, which is different according 
a."; the loaded point coincides with a node of the normal or of the 
tangential motion, being greater in the latter case than in the 
former. The sound produced depends therefore on the plane 
of excitation; in general both tones are heard, and by interference 
give rise to beats, whose frequency is equal to the difference 
between the frequencies of the two tones.” 


♦ Bond, Proc. Phys, Soc., 36, p. 340, June 1924. 
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I'he Submarine Signalling Company use massive bronze bells* 
under the sea in charted positions (under lightships and buoys) 
as a means of signalling to ships fitted with hydro]jhoncs to 
receive the sound. Sound travels much better under water than 
in air, for the medium is more homogeneous and attenuation 
losses, due to various causes, arc far less serious, 'riie sound of 
a submarine bell can be heard at ranges of man)' miles under 
favourable conditions, rhe frequency of a beil is, of course, 
lowered by immersion in water, the loading cfl’cct of (he water 
being analogous to that already considered in th(‘ case of dia¬ 
phragms. This loading effect is, however, dilferent for the 
different partials, as might be expected, and the general character 
of the ‘bell sound’ is therefore completely altered. 

AIR CAVITIES 

Air Columns---'I’he simplest case ol a vibrating mass of air 
in .1 solid enclosure is that of a parallel cyliudiical pipe, the ends 
of which may be clo.'cd or open. The longitudinal vibrations of 
such a column of air (or other fluid, liquid, or gas) are analogous 
to the corresponding vibralion.s in a solid bar (see p. 140 et seq.). 
As in the case of bars, it is necessary to make certain assumptions 
in order to fonnulate a simple theory. lit the first place, the 
diameter of the pipe is assumed sufliricntly great to justify neglect¬ 
ing viscous effects (sec p. 349), and sufficiently small compared 
with the length of the pipe and the wave-length of the sound. In 
the simple iheorv- also it is usually assumed that the walls of the 
pipe arc rigid. This is only approximately true, and a consider¬ 
able correction may be involved when the pipe is liquid-filled. 
With these assunqitions we may regard the motion at any instant 
to be uniform in any particular cross-.section of the j)ipe. That 
is, we have to deal with plane ivarn's of sound. This plane-wave 
conditiem inside the pipe is manifestly incorrect at an open end, 
w'here the sound wave diverges sjiherically into th( surrounding 
medium. Sound energy is radiaied into the meclinm, damping of 
the pipe c scillalicns taking place, due to loss of energy to the 
medium, at evciy rcflecticm from an open end. Otherwise the 
vibrations in the pipe would persist indefinitely. The open-end 
effect results in an increase in the effective length of the pipe, with 
a consequent lowering of frequency. The simple theory, which 

* A description of there bells and the submarine signalling system 
for safety of shins at sea is described in a booklet Issued by the Submarine 
Signalling Company. 
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we shall now consider^ also assumes small-amplitude adiabatic 
changes of pressure without rotary or eddy motion. When a 
cylindrical air column is set into resonant vibration, e.g. by blowing 
or by means of a t\ming-fork, stationary waves are set up in it due 
to the combined efl'ects of the direct and end-reflected waves, just 
as in the cases of solid bars and strings, already considered. The 
equation of wave-motion in the pipe is therefore 

1 ** , • • • • \J^/ 

dt~ P dx" 


which characterises a system of waves travelling in opposite 
directions in the column of fluid with velocity c~\/E/p, E and P 
being the appropriate claslirily and density of the fluid contained 
in the pipe. .Assuming ^ -—a cos nt this equation becomes 


(ix“ c~ 


of which the solution is 


( 2 ) 


+ B am cos nt * . (3) 

where A and IJ are arbitrary constants. 

This ef|uation repre.scnts a system of stationary waves in the 
pipe (r/. with the evrse of strings p. 90, and bars p. 142). At a 
node the displacement 0, and ot an antinode the condensation 

Pipes Open at both Ends. ’Open’ Pipe—A pulse of com¬ 
pression starling from the mouth of the pipe is reflected from the 
opposite open end ivith rcvc^rsal of phase, i.c. as a wave of rare¬ 
faction, and again traverses the pipe to the mouth. Here another 
reflection takes place witli reversal of phase, i.e. the reflected pulse 
is now a compression like the initial pulse. Thus, the initial state , 
<^f condensation is repeated after two complete traverses of the 
length of the pipe, and the frequency N of the fundamental 
vibration will be c/2l ^vhcre I is the length of the pipe. This 
vibration has therefore a wave-length X =21- Since the con¬ 
densation d^jdx is 2 ero at the open ends (at x=0 and x=l), we 
find from (3) that B==:0 and sin (nf/c)=:0. This gives nllc—sv 
where r=:l, 2, 3, etc. (n=27rN), representing a complete harmonic 
series of frequencies. 


N.=:rc/2/ 


( 4 ) 
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A similar result is obtained in the case of a pipe closed at both 
ends (^=0 at jvrrO and x=l). 

Pipe Closed at One End and Open at the Other. 'Closed' 
Pipe- -In this case the initial pulse at the open end must traverse 
the length of the pipe four times before the cycle is repeated; for 
the reflection at the closed end take.-* jilare without change of 
phase, and two reflections at the open end are necessary before the 
reflected pulse is restored to the initial phase. The fundamental 
frequency is therefore given by c/ii and the wave-length A =4/. 
At the closed end (x=0) |--0, and at the open end {x~4)d^ /dx^O, 
whence from equation (3) A—0 and cos (n//t)=0. Thus nl/c 
—Stt/2 where .s is 1, 3, 5, etc. {ii'---2-rrN), leprcsenting a series 
of odd harntovu » of frequencies 

= (wheic .r is an odd iniegei ' . (5) 

Tubes of length /, 3/, 5/, etc. (dilTc'ring by ;./2!, w'ill c»msequently 
respond, in different inodes, to the same note. 
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Open pipes. 
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Fig. 53 
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C/osed pipes. 


A few of the possible modes of vibration of open and closed 
pipes are indicated in fig. 53. It will be seen that the length of 
the open pipe is twice that of a closed pipe of corresponding 
frequency. The open pipe gives a complete harmonic series, 
whereas the clc'sed pipe only gives the odd hannonics of the series, 
accounting for the difference in characteristic ‘quality’ of the two 
types of pipe. 

End Correction —In the above theory we have supposed that 
the open end of a pipe is a true antinode, and that the sound energy 
m the pipe is perfectly reflected at the open ends. This is not 
Strictly correct, for some sound energy escapes at each reflection 
and is radiated in the form of spherical weaves from the end of the 
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pipe, e.g. the sound from an organ pipe rapidly dies away when the 
air blast which excites it is cut off. The air beyond the open end 
of the pipe is therefore in vibration and the effective length of the 
pipe is greater than the actual lengtli. The precise calculation of 
the difference of length is a matter of considerable difficulty- 
Helmholtz deduced a value R, 7r/4 as the open end correction 
where R is the radius of the pipe, and P.ayleigh obtained 0*82R 
theoretically for a pipe with an infinite flange. Values of about 
0’8R have been obtained experimentally for a pipe with a large 
flange and 0*6R for an unflanged pipe. The end correction is 
found experimentally by means of a pipe closed at one end by an 
adjustable piston or water column, the successive lengths h, hj etc., 
which resonate to the note of a tuning-fork being determined. If 
there were no end correction, these lengths would be exactly 
proportional to the odd numbers, i.e. we should have 3l±=l2, 
etc., exactly. Denoting the open end correction by 5, we 
have approximately 3(/i-|-S )=z{l 2 ‘^8), and so on, whence 8 may 
be determined. Caieful experiments give a value about 0*58R 
for an unflanged pipe; whence A/4=f4~0*58R for a closed pipe. 

The end effect thus lowers the frequencies of all tones of a pipe. 
The end correction depends slightly on the wave-length, thus the 
various partials of the same pipe are not exactly a harmonic series. 
The departure from such a series, however, is not sufficiently 
great to be of practical importance. 

Conical Pipes—The simple plane-wave theory which is 
applicable to a parallel pipe is no longer valid when the pipe is 
conical. In this case the wave trammelling along the pipe will be 
spherically divergent or convergent. Referring to the theory of 
spherical waves (see p. 58, eqn. 11), the equation of wave-propaga¬ 
tion is 


rs) _ 2 

^ dr^ 


(6) 


where r is the radius vector from the centre of disturbance, s the 
condensation, and c the velocity of the sound wave (c-'=E/ p). 
Assuming rs=a cos nt, this equation becomes 


d^ira) 

dr^ 



0 . 


the solution being given by 


17 ) 


ri 


(a 008 —+B sin^) 008 n< 
\ 0 at 


( 8 ) 
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This equation represents a system of stationary waves. The 
constants A and B are determined by the end conditions of the 
pipe. We shall consider the two cases in which the cone is con¬ 
tinued to the vertex, the base being either open or closed. 

(a) Open Cone- —At the open end r^l (the slant length), the 
condensation rmO; at the vertex (r—0) the condensation s must 
be finite whether the vertex is closed or open, therefore rs—O. 
Hence from equation (8) we have A—O and B sin [nl/c) i-O, \vhich 
gives nlfc—niTT, where in is 1, 2, 3, etc. Since 

the frequency of the m^"‘ partial is given by N,„ “ n/27r—mc/2f. 
We see therefore that the harmonic scries for a cone closed at the 
vertex and open at the base is the same as in the case of an open 
parallel pipe of length equal to the slant length of the cone. 

(b) Closed Cone —At the closed ends where and r~l, the 
condition to be fulfilled is d^/dt - 0. This leads to the result, 

tan {nl/c)-~nl/c . . (9) 

the solution of which is obtained grajihii ally by plolling the graphs 
of y~x and y— tan x, where x=-~nl/e. The intersections of the 
straight line y~x with the tangent curv'cs give the roots required. 
In this way it is found that {nl/'trc)-^0, 1*43, 2*46, 3*47, 4*47, 5’48, 
6*48 . . . etc. The frequency N of the m tone is therefore 
Nto —mc/2l, where m has the corresponding value of the numerical 
series just given. The overtones are therefore not hannonic. 
The antinodes, but not the norle^s, are etiuidistant along the pipe. 

(c) Truncated Cone (r—/i, and r—l 2 at the ends)—A conical 
truncated pipe with open ends has a fundamental frequency and 
harmonic overtones like those for an open parallel pipe of length 
equal to the slant length (^ 2 — h) of the conical pipe. The anti¬ 
nodes are equidistant, but the nodes are not. If the cone is closed 
at both ends, it may be shown that 



when h—O, i.e. the cone of length h is continued to the vertex, 
tan {nl 2 /c)=nl 2 /c which is the case of the closed cone already 
mentioned. When li and I 2 are very great (the case of a truncated 
cone of small angle), tan"^ {nh/c) and tan * {nly/c) are both odd 
multiples of ir/2, so that (/o— h) is a multiple of ;./2. in accordance 
with the theory of parallel pipes. 

Experiments on conical pipes have been made by Blaikley* 


• PhU. Mag., 6, p. 119, 1878. 
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and more recently by Webster.* The latter investigated the 
pressure distribution in various types of conical hom consisting 
of a parallel part closed at one end and attached to an open cone 
at tlie other end. 1'he experimental results were found to be in 
approximate agreement with theory. Webster initiated the idea 
of ‘acoustic iniiiedance’ anaU^ous to electrical impedance, and 
developed the theory of pipes and cones from that standpoint. 

Liquid-filled Pipes— As in the case of parallel columns of 
gas, stationary waves may be set up in pipes lilled with liquid. 
The compressibility of a liquid is much less than that of a gas, and 
is more nearly comparable with tliat of a solid. Consequently 
the yielding of the walls of the tube cannot be neglected when 
considering liquid-iilled tubes. At a node in the liquid, where 
the pressure variation is a maximum, there will be a swelling of the 
walls of the tube, w'hilst at the antinode there is no such effect. 
This svselling at the nodes produces a corresponding drop of the 
pressure and a lowering of the velocity of wave-propagation in the 
column of liquid, ihe lowering being smaller the thicker the tube. 
Such an effect was first observed by Wcrtlieim in 1847. Lambf 
has investigated the question theoretically, assuming that the 
stresses in the tube adjust themselves so rapidly that the defoima- 
tion has the statical value corresponding to the instantaneous 
distribution of pressure in the liquid. Thus if cq is the theoretical 
value of sound velocity in a large bulk of the liquid and c the 
actual velocity in a tube of small ihicknes.s h, then 

Co/o" v'l “SKaME (11} 

where a is the internal radius of the tube, the bulk modulus 
of the liquid, and E Young’s modulus for the material of the tube. 
In the case where the walls are very thick cofe—y /{k where 

is the coefficient of rigidity of the material of the tube. Thus 
if water =:2'2X10*®) is contained in a steel tube (£=2X10^**) 
3 cm. radius and 3 mm. thick, we find co—1 10c; if a similar 
glass tube (E=6X10“) were used C(y=i‘32c, Kundt and Lehmann 
succeeded in obtaining ‘dust’ figures with fine iron filings in 
resonant liquid columns just as in gases (see pp. 188 and 267). 
In this way they determined the velocity of sound in liquids in 
tubes of different diameters and thickness. Application of Lamb’s 
formula to their experimental values gives a mean value of 1436 

* Nat. Acad. ScL Proc., 6, p. 316, 1920. 

tLamb, Dynamical Theory of Somd, p. 173. 
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iiietres/sec. at 19° C. for tlie velocity co of sound in open water, 
in good agreement with other observations (see p. 262}. Green* 
has measured die velocity of sound in resonating liquid columns 
contained in tubes, and has obtained results in agreement 
with theory. Resonant vibrations may readily be maintained in 
a liquid column contained in a lube which is closed at one end by 
a steel diaphragm. The latter may be excited at any desired 
frequency by means of a small electromagnet supplied witli 
alternating current from a \’alve oscillator. The resonance of 
the liquid column will be observed directly by ihe ear, and the 
yielding of the walls of the tube at the nodes in tlie liquid may be 
examined by means of a stetlioscope tube (sec also p. 267).. 

Hubbard and l.,ooniist have shown that the correction for 
elasticity of the containing vessel, the tube, can be entirely- 
eliminated by using high-jrcqxtcncy sounds' so that the wave-length 
is small compared with the diameter of the pipe and the radiating 
source. Using a pic/o-eleclric quartz ciystal (sec p. l-i6) 10 cm. 
in diameter and T2 cm. thick, sound wa\cs of Irequency 200,000 to 
400,000 p.p.s. were generated, producing plane waves to 8 inm. in 
length. The velocities obtained in various liquids (distilled water, 
solutions of NaCl, KCl, etc.) at ditlercnt terajjeratures were in 
good agreement with velocities determined by other observers for 
such liquids in bulk. No difference in velocity coiikl be detected 
when the material and dimensions of the containing vessel were 
varied (see also p. 278). 

Examples of Vibrating Air Columns. Organ Pipes - Among 
the more familiar examples of resonant air columns is the organ 
pipe. This usually lakes the fonn of a cylindrical metal tube or 
a wooden pipe of square section. One end of the tube is .specially 
constructed so that a suitable blast of air w'ill set up lesonant 
vibrations in the air column. In the opcji ’'fiue' -jrgan pipe the 
blast of air impinges cm a thin lij) which forms the upper end of 
the slit opening into the tube. When the blast is correctly 
adjusted, a .stable system of alternately .spaced vortex filaiuents is 
formed, one on each side of the air stream as it reaches the edge 
of the slit (see also p. 218 on y^^olian tones}. At a certain minimum 
blast pressure impulses due to these vortices, constituting the 
’edge tone,’ are of such a frec|ucncy that resonance is set up in 
the air column and the pipe ‘speaks’ with its fundamental tone. 
The higher harmonics of the pipe are excited by increasing the 

* Green, Phil. Mag,, 45, May 1923. 

^Nature, Aug. 6, 1927; and Phil. Mag., 5, (j. 1177, 1928. 
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.power of the blast. In another form, known as the 'reed pipe/ 
the blast of air impinges on a reed of metal which controls the 
amount of air entering the pipe, I'he latter is usually conical, 
with tlic reed clamped at the narrow end. The reed and the pipe 
are tutied to the same fundamental frequency; the inharmonic 
overtones of the reed consequently do not coincide with the 
harmonic overtones of the pipe. I'he air blast sets the reed in 
vibration and pull’s of air arc admitted to the pipe which is thereby 
set into resonance. It should be noted, ho\v'ever, that the reed 
cannot be regarded as a simple vibrating system apart from the 
air column, lor its motion is influenced considerably by the air 
blast and by the rcsonaitce m the jhpe. As wc have seen, the 
length of a vibrating column oi gas is subject to a correction at 
an open end. In the case of actual organ pipes, however, 
Cavaillc-Coll has shown tliat the sinq)le foimula*. (see equations 
4 and 5) for parallel pipes, after aj)plicalion of a correction 0‘6R 
at open ends, do nt.i agree with observation of actual pipes. It 
was found, for exam]iie, thai a correction as much as 3'3R was 
required to the length of a pip^ open at both ends. This dis¬ 
crepancy is partly due to tlic nature of the blast which excites the 
pipe into re.sonant vibration, but the principal contribution is due 
to the fact that the lower or ‘blown’ end of the pipe is very much 
less ‘open’ than the upper end. Rayleigh* remarks that if a 
sensible correction (O’bR) on account of deficient ‘openness’ is 
required at the upper end, a inurli more important correction is 
necessary at the lower end, wliich is partiallv closed. His experi¬ 
mental observations indicate that at practical pressures the pitch 
of a pipe as sounded by wind is higher than its natural resonant 
note, and that the large correc tion to the length found by Gavaille- 
Coll is not attributable to the blast, but to the contracted character 
of the lower end of the jiipe. which is regarded as ‘open’ in the 
elementary theory. The rise of pitch due to the blast increases 
with pressure, a certain pipe having its frequency raised by 
10 p.p.s. due to a ri.se of bltiwing pressure from 1 inch to 4 inches 
of water. "With much larger pressure-increases the pipe was 
‘over blown’ and emitted the octave of its fundamental tone. 

Pipes varying in length from 20 metres to O’5 mm., and in 
frequency from 8 p.p.s. to 100,000 p.p.s., have been constructed 
for various purposes. Fifes, Hutes, oboes, whistles, etc., are all 
examples of musical instruments employing resonant air columns.f 

*Phil. Mag., 3. p. 462, 1877, and 13. p. 340, X882 ; and Sound, 2, 
p. 218. t See Miller, Science of Musical Sounds. 



HIGH-FREQUENCY PIPES 


187 


An interesting technical application of resonance in pipes is found 
in an apparatus for detecting fire-damp in mines. Two similar 
pipes are blown simultaneously^ one with pure air (from a con¬ 
tainer), the other with the ‘doubtful’ air of the mine. When the 
‘mine air’ is pure the pipes are in tune, but a slight impurity 
affects the velocity and therefore the resonant frequency slightly, 
and beats are obsened when the pipes are sounded together. 
The number of beats per second serves as a measure of the extent 
of impurity in the air of the mine. We shall hav^e occasion to 
refer later to the application of the phenomena of resonance in 
pipes to the measurement of vcl(x:ity of sound in gases and liquids, 
and the determination of v tiie ratio of specific heats of gases (see 
Kundt’s Tube, p. 256). 

High-Frequency Sounds from Pipes. Galton's Whistle. 
Hartmann and Trolle's Air-Jet Generator—In order to deter¬ 
mine the upper limit of audibility in human beings and in animals. 
Gallon devised a miniature organ pipe in the form of a whistle. 
By means of a screw piston the length of the air column in the 
pipe, and consequently the pitch (>f the note, could be varied. 
In a later form of this whistle designed by Edehnan* the pipe is 
blown from an annular nozrie fitted with a screw to vary its 
distance from the edge of the pipe. By suitable adjustment of 
this distance and the pressure of the air blast the little ‘pipe’ is 
set into resonant vibration at a frequency corresponding to its 
length and diameter. Frequencies well above the limit of audi¬ 
bility can be jiroduced by means of this whistle, such sounds 
being easily detected by a sensitive flame (see p. 109). Hartmann 

and Trollef have pro¬ 
duced a powerful su¬ 
personic source of 
sound on this princi¬ 
ple. Thf high-pressure 
air-jet they employ 
has a velocity greater 
than that of sound. 
The air breaks up 
into a regular series 
of pulses as it leaves 
the jet. When these 
pulses fall on the open mouth of the cylindrical pipe ‘oscillator,’ 
resonance is set up at the correct distance (see p. 220 on Jet-tones) 

• Ann. der. Physik, 2, p. 469, 1900. 

^Joum. Sci. Instrs., p. 101, etc., Jan. 1927. See also M. Palme iNuovo 
Cimento, 7, 26 (Suppl. No. 2), 1950. 



Fig. 54 —Schlicren photograph showing struc¬ 
ture of jet of Hartmann and Trollc’s Air-Jet 
Generator 
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and tlie pipe emits powerful supersonic vibrations as high as 100,000 
p.p.s. The wave-length of the vibrations was measured directly by 
spark photographs revealing the shadows of the high-pressure nodes, 
and also by means of the dust iigiires in Kundt’s tubes 
(see p. 255). With jets of hydiogeri, the frequencies are found 
to be about 3*5 times as high as in air, in accordance with 
theory. The air-jet generator with its resonant air column is a 
very suitable device for producing supersonic vibrations of high 
intensity, either for experimental purposes or for signalling. The 



Fig. 55 —'Hartmann and Trolle's Air-Jet Generator 


structure of the jet is sho\Mi in lig. 54, obtained by the spark- 
shadow (Schlieren) method Fig. 55 indicates the arrangement 
of jet and pipe. Even at the highest frequencies, greater than 
100,000 p.p.s., it was found that the relation //4==f-|-0'6R was 
valid for a closed pipe (see p. 182). 

Experimental Observation of the Vibrations in Pipes,-—The 
manner in which air vibrates in a pipe can be examined in a 
number of different ways, depending on the physical quantity 
under consideration, e.g. displacement, pressure, density, or 
temperature variation. 

(a) Ku?uit\\ dust figures. One of the earliest methods, and one 
which has proved most fruitful of results, is due to Kundt (1866). 
To demonstrate the presence of stationary waves in a horizontal 
glass tube he devised the method of sprinkling the interior of the 
tube with fine, dry dust, e.g. lycopodium seed, fine sand, or cork 
dust. This dust is immediately thrown into a recurring pattern 
when the sound waves are excited in the gas contained in the tube. 
The vnbrations may be produced in a number of ways, e.g. by set¬ 
ting up longitudinal vibrations in the glass tube itself by stroking 
with a wet cloth, or by means of an independent vibrating rod with 
a free end inserted in one end of the glass tube. A more con¬ 
venient method employs as a source of vibration a telephone or 
‘loud speaker’ connected to a valve oscillator of controllable fre¬ 
quency (see fig. 56). At resonance, i,e. when the length of the gas 
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column corresponds to a whole multiple of half wave-lengths of 
the sound employed, the dust is thrown into violent vibration and 
collects into equidistant little heaps at the nodes 
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As we shall sec later (p. 256), this simple mclhod not only serves 
to rlernonstratc the presence of uckIcs and anlinodes in tlie gas, 
but also gives a measure of the velot iiy of sooncl in the gas it the 
frequency of vibration is known. I'or vaiions re.nsons, 'which w'C 
shall have; U> consider when dealing with the measuivment of sound 
velocity by this method, a number of modifieel forms of Kundt’s 
tube have been developed. The simple aj)]iaralus to which vve 
have referred is, however, very cfrective in demonstrating the 
state of vibration of die resonating gas eolnmn contained in the 
tube. 

Tn addition to the regular 'half-wave’ pattern of dnsl heaps 
at the nodal points, llie dnsl lube, ni.'iy exliiliit a regular «:eries of 
fine striatiov'i, like ribs acro.ss the bottom of the tube. 'J’his rib¬ 
like stnicture is seen to consist of thin lamiirn* forr, ed of small 
dust particles in vigorous vibration. The effect increases in magni¬ 
tude towards the antinodes and disappears entirely at the nodes. 
The fonnation of these striations is discussed on pp. 19.5 and 
472. More recendy E. N. da C Andrade and S. K. Lewer*" 
have obtained gically enliaiu (xl effects of this nature which are of 
considerable interest. They employ a telephone diaphragm (a 
loud-speaker unit) to excite the dust tube into resonance. The 
loud speaker is supplied with alternating current of fairly pure 


* Natnrn 9th Nov. 1929 ; see aho Jotirn, of Sri, Instrs., 7, p. 52, Feb. 1930. 



190 


AIR CAVITIES 


wave-fonu from a valve oscillator, the frequency of which is 
adjusted to coincide with one of the resonant frequencies of the 
tube. The stria Lions to which we have just referred arc readily 
obtained, and in addition to this a new phenomenon is noticed 
^vhen the vibration is very vigorous. The strialion effect 
increases toward the antinodc which, in this case, is marked by a 
clearly defined disc u[ dust panicles extending across the tube like 
a barrier. These antinodal discs are of surprising sharpness, as 
will be seen from fig. 57 (a pliotograpli of the tube in resonance). 

The photographs reproduced in fig. 57 (a) and {b) show a disc 
as seen from a liori/ontal direction normal lo the axis of the tube, 
and a disc viewed obliquely. T'hc striations are also clearly 
shown. Measurements of the antinodal distances between the 
discs permit of the*, deteniiination of the velocity of sound (see 
p. 258) to be made with considerable precision (to one part in a 
thousand). The plrotographs also reveal the behaviour of very 
small particles which take up the full am])litude of the air vibra¬ 
tion, and ajqiear as iiulc lines of light when strongly illuminated. 
I'hese lines, shown in (ig. 57 (cj, have a length of several milli¬ 
metres when the tube is sounding its fundamental with one end 
open. The phe^tograph shows the vibration of both large and 
small particles, the larger ones not attaining the full amplitude of 
the air vibration. The, ellect of a drift of scmie of the heavier 
panicles is clearly visible as a sinusoidal ‘oscillograph’ record of 
the vibration. 

It may be a]jj)ropriate at this point to refer to other important 
applications of vibrating free particles to indicate the amplitude 
of vibration of the surrounding medium. E. Meyer and R. W. 
Karmann* have investigated the sound field in a lube lined with 
absorbent material of known impedance, for frcciuencies in the 
range 100 to 500 c.p.s. They found that the small particles 
follow an elliptical path. A measure of the axes of the ellipse and 
tlicir inclination to the axis of the tube gives results in agreement 
with theory E. Meyer and W. Giithf have applied the vibrating 
particle method in a very elegant manner to investigate the acoustic 
viscous boundary layer for sound waves in air in die neighbourhood 
of a rigid wall. The experimental arrangement is shown in 
fig. 57.\. A long tube of rectangular cross section (5x7 cm.^) has 
a loud speaker mounted at one end, and absorbent glass-wool 
wedges at the opposite end, thus ensuring that the sound waves 
are progressive and not stationary. Between the loud speaker 


* Acustica, I, 130. 1951. 


^ Acmtica, 3, 185, 1953. 



amplitude of vibration 

Md the absorbent wedges glass windows are fitted in the sides of 
the rectan^lar tube. Between the windows and along the aJ 
of the ma.n tube lies a glass tube 2 cm. diametrfTte ou," 

e vibraung air. The mdicatoi^ particles are drops of oil 
10 cm. diameter approximately, produced by an airblown 

means Of a suitably mounted microscope viewing tan^entiallv 
over the glass boundaty surface. An are'light ilm*„mes® .he dl 
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drojis and the light is inUrrupted by a sectored disc driven bv a 
^■idironous motor when j)h;,.sc mca.s 11 remer.l 3 ate rcriuired The 
oil dnip, oscillate and fro in the sound held with thro ir, cle 
veliKiity of the air. The path is visible as a hod J„ml line 
means of an electric field (about 800 V/cin.) the drops can 

era gcd“i™X 'll “ '""'‘r' ''‘■etetcaliy 

solW rias ho / ■ •''* "'"y '°™'-ds the 

of if o I Xont'"’' ‘hP amplitude of vibration 

drops gradually diminishes at first slowly then more 

Zo' ‘”h T, “ ‘f' suXe A 

photograph of the path of an oil drop is shown in lie ■i 7 „ Tte 
dark Strip m the photograph is produced bv the li^^ht-inlerrunter 
Whteh ts synchronised will, the'sound fre<iuency and "eZ i 
ndteate he phare of the particle oscillation relative ,0 tfe s^Ld 
n the free^ficld.’ The mathematical theory of the boundTrv 

amZX 7 Crandall and by L. Cremer.* The veloeitv 
mphtude of the particle in the vicinity of the solid boundarj^ 

• Arch, I’fekt. Uhertragung, 2, 136, 1948. 
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depends on the frequency of the sound and takes the form 
of an exponentially decaying oscillation as a function of distance 
from the solid surface. The experimental results are in good 
agreement with Cremer’s theoretical deductions. 

In another application G. D. 
West* has used smoke particles 
to indicate the movements of ail 
in the neighbourhood of a vibrat¬ 
ing reed. At very low frequencies 
the paths of the particles exhibit 
a pattern which, at first sight, 
resembles the lines of hydro- 
dynamic flow, A more careful 
examination at sufficiently high 
magnification shows, however, 
that the particles trace out ellip¬ 
tical paths. In addition a mass 
1 circulation of the particles is 
! superimposed on this motion; 

j , this strengthens with increasing 

fro(|iiej\cy and soon becomes the 
salient feature. Gbservalions of 
this nature servo to emphasize the 
common occurrence in many acoustic phenomena if circulatory 
motion in association with vibratory motion. 

(b) Kiinig’s Manometric Capsule. Pressuri' ampikude. The con¬ 
dition of the air in tire interior of a vertical orphan pipe was investi¬ 
gated experimentally by Savart (18231, wlio Kiwercd inlo the tube a 
small stretched membrane on which a little fine, dry sand was 
sprinkled. Near a node the sand remained undisturbed, but as a 
loop was approached it danci'd witli increasing vigour. The use of a 
thin membrane to detect the presence of vibrations in the air column 
was developed by Konig. In this nrethod, the vibration is indi¬ 
cated by a small gas flame fed through a tube in communication 
with a small cavity called a manometric capsule. One wall of 
this cavity is formed by a tightly stretched membrane of parch¬ 
ment or rubber on which the sound waves are allowed to fall. 
The vibrations of the membrane vary tlie volume of the capsule 
and set up unsteadiness in the gas supply. The flame, which 
serves as indicator, therefore rises and falls with the vibrations of 

*Proc. Phys. Sec. B., 64, 483. 1951. See also K. Norske {Vidensk. 
Sdsk. Forhftntlf., 24, No 12, 60, 1951. 



Boundary 

Fig. S7B 



13 


(it) General view of tube—showing antinodal discs 
Fig. 57—Dust Tube Phenomena 
(Ey courtesy of I^of. E. M. da C. Andrade) 
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the membrane. The moyemenls of the flame are readily observed 
by means of a revolving mirror, the appearance being a serrated 
band of light when in vibration. In the application to organ pipes, 
a number of small manometric capsules are mounted at intervals 
in the wall of the pipe in such a manner that the membranes are 
in contact with the vibrating gas contained in the pipe. The 
change in the flame, observed in the revolving mirror, is very 
pronounced as the capsule is moved from a node to an antinode, 

Konig also made direct aural exploration inside the pipe by 
means of a narrow ‘exploring’ tube, which could be pushed to 
and fro along the axis of the pipe. This narrow tube, connected 
to the ear, was designed so as not to interfere with the nonnal 
vibrations of the pipe. The presence of nodes and loops in the 
pipe were observed aurally without difficulty. 

A simplified and moie useful form of Konig’s manometric 
capsule has been used by E. G. Richardson* to explore 



Fig. 58 a—M anoiTretric 
Capsule (Kichardson) 


the pressure vibrations in pipes and other 
forms of resonating air cavities. The 
capsule shown in fig. 58 a widens out 
conically from a short cylindrical portion 
to a flange which supports a tightly 
stretched membrane of sheet rubber 
having a high natural frequency com¬ 
pared with the range of frequencies of 
the pipe under investigation. The flame 


is now replaced by a small mirror (about 1 mm. square) attached 


by rubber cement to a point of the rrrembrane midway between 
the centre and the edge. The vibrations of the membrane give a 


slight angular motion to the 
mirror and consequently to 
a beam of light reflected 
from it to a distant scale. 
Pressure variations inside 
the capsule cause the spot 
of light to be drawn out 
into a band. The device is 



2b0 500 750 1000 


calibrated either statically, 
by applying various small, 
steady pressures (measured 


Pressure Change (dynes. SQ.cm / 

Fig. 58B —Calibration Curve of Mano« . 
metric Capsule (Richardson) 


by a water manometer), or dynamically by causing a little 


piston to oscillate with appropriate frequency and amplitude 


in the cylindrical portion of the capsule. The manometric 


* Proc. Phys, Soc., May 1928. 
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capsule thereby becomes a useful metrical device for measuring 
small alternating pressure amplitudes (see fig, 58 b). The narrow 
cylindrical portion is inserted at the desired point in the pipe or 
resonator and the pressure amplitude read off as the width of the 
band on the scale. With this simple apparatus the nodes and 
antinodes in the pipe may be easily demonstrated. 

(c) Dnplacemcnt and Velocity Amplitudes. To obtain complete 
information relative to the condition of the air in a pipe we must 
know not only the pressuic amplitude but also the displacement 
or velocity anijilitude. Measurements of the latter cjuantity have 
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I'lc. SVa Prt -s^ure Aniiilitudi- alonj^ .i Sinppcv] Fipr (lliv lianJ.-oii) 

been made by means f)f a "^I’ueker hot wire ‘nil<'io])hone’ (see p. 440) 
or similar device. An electrically heated platinum wire (say 
0*001 cm. diameUn) is enoled by a current of air, whether direct 
or alternating. I'he ccKiling of the wire, as indicated by its change 
of electrical resistance, is a measure of the velocity of the air 
current. By mea.sunug the change of resistance of a small heated 
wire placed at successive* points along the axis of tire pipe, 

Richardson* obtained 
curves (see fig. 59b) .show¬ 
ing the vel(x:ily and dis¬ 
placement amplitudes in 
pipes and Helmholtz reso¬ 
nators. Combining these 
results with measurements 
of the pre.s.sure an][)Utude 
(see fig. 59a), using the 
inanornetric capsule men¬ 
tioned above, he was able to 
determine the acoustic im¬ 
pedance of the mouth of such resonators and compare it witli 
theoretical deductions. 

(d) Density and Temperature changes in a vibrating pipe. The 
pressure and displacement fluctuations in a vibrating air column 
are, of course, attended by corresponding changes of density and 
temperature. The compressions and rarefactions take place 
• Proc. Roy. Soc., 112t p. 521, 1926. 



Fig. sqb —Displacement or Velocity 
Amplitude along a Stopped Pipe 
(Richardson) 
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adiabatically, and ihe temperature at any point in the pipe must 
therefore fluctuate in a similar manner. The changes of density 
at the node in a vibrating gas column closed at one end weie 
demonstrated directly by Topler and Boltzmann* (1870), using 
the principle of the Janiin interferometer. The upper, closed end 
of an organ pipe was fitted with sides of optical glass which pro¬ 
jected beyond the closed end. beam of light passed through 
the glass sides partly inside the pipe (near the closed end) and 
partly outside. By well-known optical arrangements interference 
was produced between the two parts of the beam. The changes 
of density of the air inside the pipe when vibrating resulted in a 
change of political path of one part of the beam, with consequent 
displacement of the interference bands.' These bands therefore 
oscillated in synchronism with the density fluctuations near the 
node in the pipe. I’he fluctuations were observed stroboscopi- 
cally and the amplitude measured, from which the change of 
density could be infen ed. Rapsf employed the method later to 
investigate the partials of an orgai* pipe, and recorded the displace¬ 
ments of the interference bands photographically. The photo¬ 
graphs show clearly how the first overtone, which is initially 
absent, gradually increases in strength as the wind pressure is 
increased. Careful measurements of the temperature fluctuations 
in the stationai 7 waves of a resonating pipe have been made 
recently by Friese and "Waetzmann.J An air column a metre 
long was set in resonant vibration by a telephone diaphragm 
vibrating at the corresponding frequency. The temperature of 
the nodes and loops was ascertained by an electrical resistance 
thennometer and valve amplifier. The wire of the thermometer, 
0*004 mm. thick and 18 rnm. long, was carried at the end of a 
thin glass t\ibe arranged to slide on the axis of the resonating pipe. 
Absolute values were found, after applying suitable corrections 
for the lag in the electrical thennometer, for the temperature- 
amplitudes at tlie nodes, whence the sound intensities were calcu¬ 
lated. Simultaneous measurements of pressure amplitude were 
made by a membrane manometer. The temperature amplitude 
calculated from —1)0. Sp/yp agreed well with those 

observ^ed directly with the resistances thennometer. over a range 
of frequencies 400 to 1000 p.p.s. 

♦ Pogg. Ann., 141, p. 321, 1370. 

f Ann. d. Physik, 50, p. 19.3, 1891 ; see alfo C. Barus, Interferonieiry 
Applied to Acoustics, etc., Carnegie Inethution, Wasliington. 

tZeits. f. Physik, 29, 2. pp. 110-114, 1924; and 34, 2-3, pp. 131-141, 
1925. 
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(e) Circulations due to vibration of air in a tube. Extending 
the researches on the motion of dust particles in tlie vibrating air 
contained in a tube (see p. 189) E. N. da G- Andrade* has in¬ 
vestigated in great detail the various motions of the air in the tube. 
The movements of the dust particles are explained in terms of a 
general circulation of the air between node and antinode, and a 
vortex motion round every particle. The vigour of the general 
circulation gains on that of the vortex motion as the sound 
increases in intensity, the nature of the dust figures varying 
accordingly. Konig’s theory ol the ridge fonnation (see p. 472) is 
shown to be incorrect. 

Andrade has shown that for audible frequencies smoke particles 
follow cosely the motion of the air and can be used as tracing 
points; they cati therefore be used also to measure the amplitude 



Fig. 59 C—a transitional form observed during the building up 

of the circulation 

(By tourlesy of Pi ;l. E. N. da C. AiidradeJ 


of the vibrations. The smoke particles reveal in a most striking 
manner the circulations in the air (or other gas, of course) moving 
from antint)de to node along the wall of the lube and returning up 
the axis of the tube (sec (ig. 59c) as predicted by Rayleigh. The 
vortex motion in the neighbourhood of cylindrical and spherical 
obstacles (sec fig. 59d) is also beautifully demonstrated by the 
‘smoke’ method. It is shown that in all previous experiments on 
the forces between s])hcres in vibrating air columns the motion, 
which was supposed irrotational, is actually vortex motion. 

Experiments at high frequencies have been made by O. Brandt 
and H. Freund-t Using as vibrator a rnagnetostrictive oscillator 
at frequencies 6, 10, and 25 kc./sec., air columns in tubes 1*5 to 
2 cm. diameter were set into vibration. Dust, liquids, mist, and 
smoke v/erc ufsed to indicate the motion of the air. A thin layer 
liquid covering the bottom of a horizontal tube was shaped into 
a waved fonn by vibrations of low intensity and into heaps at 

* Roy Soc. Phil. Trans., A, 230, p. 413, 1932 ; and Roy. Soc. Prac., A, 
134, p. 445, 1931. 

t Zeits. ). Physik, 92, p. 305, 1934 ; and 104, p. 511. 1937. 
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higher intensity. Above a critical value of intensity these heaps 
are drawn upwards to form thin layers of spray. Observations of 
the behaviour of liquid films in vibrating air columns have been 
made by N. W. Robinson and R. W. B. Stephens.* A stationary 
film sysleni, about 1 cm. spacing, indicated clearly the positions 
of maximum vibration, but these were determined not only by the 
vibration of the air column but also by the properties of the films. 
In another experiment, however, only widely spaced films were 
used, I'hesc moved alont* the lube, and when the sound was 



Fig. cyD—The vortes system fomicci round a splitro, diameter 0-317 cm. 
(]iy CkiurtCby of I'.oj!. i;. X. da C. AijdiaJc’) 


sufficiently intense the positions ol maximum vibration were 
located accurately by the piorioiinccd vibration 01 even bursting 
of the film. Using as a source of sound a powerful ‘singing 
tube,’ F. L. Hopworjdf has demonstrated some remarkable eflects 
at the interface between a shallow layer of licjiiid and the gas above 
it. When the gas column is in violent vibration, one or more 
liquid ‘diaphragms’ may suddenly be formed across the tube, 
their positions and behaviour varying with their thickness. 

A source of sound of known intensity is described by E. N. da 
Andrade and R. G. Parker,^ based on direct observation of the 
amplitude of fine MgO dust particles, used as indicators, in a 
vibrating air column. The open end of the tube is mounted in a 
‘semi-infinite’ baffle so that the sound intensity in terms of dis¬ 
placement, amplitude and frequency may be calculated. This 
source of sound was used to determine the conditions of minimum 
audibility at 410 and 646 c./sec., the results agreeing very well 
with those of Fletcher and Wegel.§ 

* Phil. Mag., 17, p. 27, 1934. ] Nature. 138, p. 1059, Dfc. 1936. 

tRtry. Soc. Prec., A, 159, p 507. 1937. 

I See H. Fletcher, Speech and Hearing. 
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Air Cavity Resonators (Helmholtz Type) 

Another type of resonator which may be regarded as distinct 
from a pipe is that due to Helmholtz and which bears his name. 
In this type the air cavity is almost completely enclosed, with the 
result that only a very small proportion of its energy' is radiated 
into the medium. The damping is thei'eforc very small, and the 
tuning is very sharp. For these reasons it is particularly suitable 
as a detector of sound waves of a definite frequency. It is quite 
unsuitable as a source of sound, as the mechanical coupling 
between the air contained in the cavity and the air outside is very 
^veak, whereas in the organ pipe the coupling is much stronger. 
It must be regarded therefore as particularly suitable as a 
sharply tuned detector of sound waves of feeble intensity. A 
small vibnUion once started in the air ( avity persists for a consider¬ 
able time on account of the small damping, and the amplitude of 
vibration in the 'neck' of the resonator may he many times 
greater than that in the surrounding medium. Helmholtz showed 
that thf vibration’; throni^hout the air cavity were practically uniform 
and ncglii^ibU /ornpared iL-ith the vibrations in ike 'neck’ —i.c. at the 
opening conneciing the air i avity to tire outer air. Two forms of 
Helmholtz resojiator illu.’jtratecl in fig. 60 [a) and [h] are in general 
use. In one of these [a) 
the length of tlie neck is 
negligible compared with 
its diameter, whereas in 
the other (b) the leirglh 
is comparable with, or 
greater than, the dianie- 6 o 

ter. The exact form of the cavity is unimportant, it may be spherical 
or cylindrical, provided the smallest dimension is considerably greater 
than the dimensions of the aperture. Rayleigh, in developing the 
theory of such resonators, regaids the air in the aptrture as acting 
like a reciprocating piston compressing and rarefying the air con¬ 
tained in the cavity of the resonator. It is assumed also that the 
wave-length x of the vibration in free air is large compared with 
the dimensions of tiic cavity. This implies that at any instant the 
condensation will be uniform throughout the cavity. The system 
in its simplest fonn is equivalent to a mass attached to a spring, 
the air~pistan in the neck being regarded as the mass and the air in 
the cavity the spring. If the length and sectional area of the neck 
are / and S respectively, and p the normal density of the gas in 
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the neck, then the mass M of the ‘piston’ will be f/S. For 

adiabatic changes of volume in ihe cavity, we have pi/ =const., 
where p and v are tlie pressure and volume respectively and Y is 
the ratio of the specific heats. Then 

(Ipidv - -ypiv or 8y’^ -yp8olv 

The total force acting on the piston for a small cliange of volume 
is S/». S, and the change of volume 8i’ for unit displacement ol 
the piston is S. Thus the restoring force / per unit displacement 
of the piston is Cf|ual to — or ES^/v since E, the elasticity 

of the gas, is ecjual to yp. The equation of undamped motion of 
the piston is 

1 ' f 

which indicates a frequeney of oscillation N-—^ \/--^ . 

2./t ' M ’ 


i.e 
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( 12 ) 


since the velocity c—\/E/p. 'I’he ratio S//, of the dimensions of 
a length, is called the ‘conductivity’ of the neck. For a circulai 
aperture in a thin wall (J~0 oi very small) Raylcigli .shows that 
the conductivity K is equal to the diameter, whence from (12) 

27rN-cV2^ . . . (13) 


It is important to observe that the frequency, involving the 
velocity c, depends on the nature of the gas in the neck and tiot 
on that filling the cavity ; for the inertia of the gas in the cavity 
does not come into play and the compressibility of all gases is 
approximately the same. Usually, of course, the gas is the same 
throughout, and this distinction does not arise. Sondhauss and 
Helmholtz obtained experimentally values of frequency which 
were always slightly lower than the theoretical values given above. 
The difTeience may be ascribed to the ‘open end’ effect to which 
we have referred in the case of pipes. Thus in the above ex¬ 
pression for the frequency, I must be increased to (f-[-0*bI^)j 
where R is the radius of the neck. 

It is understood, of course, that the frequency N refei’S only 
to the fundamental tone of the resonator. The overtones are 
relatively very high, and the simple theory given above would not 
apply since it would no longer be possible to neglect the inertia 
of the gas contained in the cavity. 
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The modulus of decay (or damping coefficient) of the vibrations 
in a Helmholtz resonator (due to radiation) is readily shown to be 
equal to ^vf where k is the ‘conductivity’ of the neck. In 
the case of a resonator with a circular opening of radius a (when 
K =2a) the modulus of decay therefore varies directly as the volume 
of the cavity and inversely as the area of the neck. This indicates 
that the vibrations have the greatest persistence, least energy being 
radiated when the volume of the cavity is large and the area of 
the neck is small, i.e. when the frequency of the resonator is low. 

Relation between Pipe and Helmholtz Resonator- Hitherto 
we have regarded the resonant conditions of the pipe and the 
resonator as entimly difl'erent. In the pipe the length is com¬ 
parable with X and the displacement varies sinusoidally along the 
column of ga.s due to stationary uaves. In the lesonatnr* the 
dimensions of the ca\iiv are regarded as small compared with X, 
and the displacement arn|))ilude is everywhere negligible except 
in the neck, vvliich is small in diamester compared with the 
dimensions of the cavity. F, (k Richardson* has drawn 
attention to the fact that these ‘classical’ theories of the pipe and 
resonator aie mutually exclusive, and has ]>roposod air alternative 
method of treatment which re,sulis in complete lerc'ncilialinn. 
He shows that it is possible to obtain a fonnula which covers all 
cases of resonant air cavities, by employing a method based on 
acoustic impedance. The fundamental frequency N of a pipe 
of length Tj is given by NT.-^constant, and for a cylindrical 
resonator, v « L, we have constant (see equation (12)). 

These fonnula* fit the extreme conditions, provided a suitable 
end correction 0*6R is ajiplled to the length of the pljic, but 
transition cases between a pipe and a ‘resonator’ are not included. 
From deductions relating to the ‘impedance’ of the cylindrical 
pipe and the orifice, Richardson arrives at the formula 

fcan kTi-K/'A-A . . . (14) 

where A-=r27rN/<r, K is the conductivity of the orifice (=zS/l) and 
A is the area of the section of the cylinder. For the ideal pipe 
the conductivity of the orifice is infinite, whence tan li:L~oo, 
which gives NL~constant. When k 's small, however, so that 
tan kL—kL nearly, we obtain the resonator fonnula N^L= 
constant. Equation (14) therefore embraces all cases of resonant 
cylindrical air cavities^ of whatever length and diameter of opening 

* E. G. Richardson, Proc. Phys. Soc., 40, p. 206, May 1923 ; see also 
E. T. Hanson, Proc. Phys. Soc,, 42, p. 43, Feb. 1930. 
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compared with the wave-length X. When the orifice is equal to 
the cross-scction of the pipe itselfj the difference in the value of 
L from equation (14) (with the appropriate values of k and A:), 
and the ‘ideal’ value given by tan kL.— ec is the end-correction of 
the pipe. The assumption made by Helmholtz that tlie motion is 
confined to the neck \^'as verilied experimentally by Ricliardson 
by means of a 'hot wire’ detector (2 cm. of 0*001 cm. platinum 
elerliically healed in a Wheatstone’s bridge circuit). Near the 
neck of the resonator a large cooling elfcet was obser\'ed, indicating 
a large amplitude of vibration, whereas inside the cavity the 
cooling effect, and consequently the amplitude, was negligible. 
Combining the displacement-amplitude measurements, using the 
hot wire ‘anemometer,’ with a corresponding set of pressure 
measurements, using a calibrated manometer cajisule, direct 
xalues of the acoustic impedance of r arious orifices were obtained. 
The maxima and minima of displacement and pressure amplitudes 
were ohserA'ed in a similar manner inside a sounding organ pipe.* 

Use of Helmholtz Resonators in Sound Analysis—The 

smallness of the damping and .sharpness of tuning in these 
resonators renders them oxlremelv sensitive detectors of sounds 
of a particular frequency. Helmholtz used a graduated scries of 
resonators of various volumes and areas of neck in his investi- 
gauons on the quality of musical notes, in particular to determine 
which pariials were present in a complex musical sound. To 
cover a moderate range of frequency, however, a large number of 
resonators is required. It is customary, therefore, to use le- 
sonators of continuously variable volume. This may be achieved 
by means of a sliding piston or a column of water of variable 
height, forming the closed end of a cylindrical cavity, f Resonance 
may be detected in a number of \''ays. In the simplest arrange¬ 
ment the small open ‘pip’ at the base of the resonator is connected 
either directly, or by means of a tube, to the ear. The resonator 
‘speaks’ when a sound of relatively feeble intensity falls on the 
open end. .Alternatively the open end of a small m'anometric 
capsule, previously described (sec p. 192), is inserted into the ‘pip’ 
of the resonator. A very sensitive method of detection, giving 
metrical results, employs the hot-wire microphone of Tucker and 
Paris. This is described in detail on p. 440. Another method 
•of observing the resonance of an air cavity is that employed by 

* E. G. Richardson, Proc. Roy. Soc., 112, p. 521, 1926 ; and Proc. 
J^hys. See., 40, p. 206, May 1928. 

t A, Fage, Proc. Roy. Soc., p. 107, 1925. 
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Fournier d’Albe. A thin heed,’ consisting of a ‘slip’ of mica 
clamped at one end, is mounted across the moutli; the ‘reed’ 
being tuned carefully to the frequency of the resonator. At 
resonance, the vibrations of the reed become very vigorous and 
are indicated by a spot of light reflected from a silvered spot on 
the free end of the mica strip. A series of such resonators of 
graded frequencies may be used in conjunction with the same 
source of light and scale. On account of the double-tuning the 
resonance may be very sharp. The arrangejnent responds only 
to the fundamental of the cavity, the ovcrRvnes of the cavity and 
the reed being always in disagreement. 

Double Resonators —In order to obtain a further incieasc 
of sensitiveness Boys * suggc.sted the use of it double resonator 
consisting of a closed pijje at the end of which was fitted a Helm¬ 
holtz resonator in tune with it. Rayleigh f worked can the theory 
of such a double resonator, and Paris J has rei'enlly extended the 
theory to include other forms, i'.f> (Ha pair of tunable Helmholtz 
re.sunatois, (2) a conical horn and a Helmholtz rcsonvitor, making 
allowance for damp'ing ol the vibrations in lh(> various ])arts of the 
system. As generally used, the re.sonator consists of two tunable 
cylindrical ve,sscls connected by a short neck. When the separate 
frequencie.s are equal, the .sensitivity of the double ro.sonator is 
considerably increased by making the outer resonator of large 
volume compared with the inner one. Thus Rayleigh § shows 
that the ‘air flow’ per unit area in the two necks is in tlie ratio 

{v/tf') * where v and r/ are the volumes of the outer and the inner 
cavities. The double resonator has an important application when 
used in conjunction with the hot-wire microphone (jr the Rayleigh 
disc (see pp. 440 and 464) in the measurement of sound intensi¬ 
ties. The device i.s very sensitive and the tuning very sharp. 
The intensity of sound.s v\hich arc hardly perceptible to the car 
can be measured, provided they aie in tune with the resonator. 
The selectiveness of the resonator is an important fe.iturc when it 
is desired to measure the intensity of a sound of a particular 
frequency amidst a medley of sounds of other frequencies. Thi.s 
selectivcness carries with it, however, the corresponding dis¬ 
advantage that a large number of resonators are required to cover 
a moderate range of frequency, 

* BoyR, Nature, 42, p. 604, 1890. 

t Rayleigh, Sound, 2, p. 310, and 1, p. 4.S ; Phil. Mag., 3, p 33B, 1902. 

$ Paris, Proc. Roy Soc,, A, 101, 1922 ; and Phil. Mag., p. 769, Nov. 
1924, and p. 751, Oct 1926. § Rayjpigh, Phil. Mag., 2, 751, 1918. 



202 


AI?v CAVITIES 


By a suitable choice of frequencies for the two components of 
the double resonator, however, and by sacrificing a little sensi¬ 
tivity, it is possible to construct resonators which respond strongly 
to a relatively wide range of frequencies. This is of considerable 
practical importance in cases \vheii the frequency of the source is 
liable to small fluctuations (see p. 444). 

Absorption of Sound by Resonators. Quincke Filters -- 

The action of a resonator in the neighbourhood of a source of 
sound in tunc with it is very important. A well-tuned resonator 
may absorb energy from a considerable area of wave-front in the 
sound field in which it is placed, diverting energy from regions 
which would otherwise receive the sound waves. This ‘absorp¬ 
tion’ may extend over an area of the order for a resonator of 

small dimensions compared with a wave-length x of the incident 
sound.* Quincke (1866) employed resonators to stop tones of 
definite pitch froii'. reaching the ear, the arrangement acting as a 
sound filter. fhe ctJinplex sound tt> be ‘filtered’ is led through 
a short main jape which rallies a side tube fitted with a sliding 
piston. 4'he piston serves to tune the side tube (length /.~x/4) 
to any frequency N it is desired to absorb from the main pipe. 
Using a succession of such tuned side-tubes a corresponding 
number of tones may be filtered out of the .sound jiassing through 
the main pipe. We shall have occasion to refer later (p. 498) to 
the general ejuestion of sound filters, which has recently dcv'elopcd 
into a subject of considerable practical importance. 

Reinforcement of Sound by Resonators--When a vibrating 
tuning-fork is brought near to the open end of an air column or 
cavity tuned to the same frec|ueii(.y-, the intensity of the sound 
reaching the ear is greatly increased. It is important to consider 
why the sound apparently emitted by the resonator should exceed 
that which would be produced by the tuning-fork alone. Clearly 
the sound-energy does not originate in the resonator. Any, 
increase of intensity produced by the resonator must be due to 
some reaction between it and the source of vibrations. If, as in 
the case of the tuning-fork, the source is not maintained, the 
presence of the resonator will cause a more rapid drainage of 
energy from the source, i.e the vibrations of the fork will be more 
rapidly damped w'hen the resonator is present than otherwise. 
The increased energy output is therefore the indirect consequence 
of the presence of the resonator, which clearly can supply no energy 

* See p. 414 ; also Lamb, Sound, p. 275, 
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itself. The energy emission W from ‘simple’ and ‘double’ 
sources is given in equations (35) to (40) (pp. 63 to 64). A simple 
source, for example a vibrating diaphragm, exposed to the medium 
on one side only, emits sound energy at a greater rate than the 
corresponding double source, a diaphragm exposed to the medium 
on both sides. Lamb* shows that the presence of the resonator 
pnxluces an increase ot energy erniision times tfiat of a simple 

source^ where k=2Tr/\ and b is the distance (assumed small cojii- 
pared with X/27r) of the .source from the aperture of the re.sonator. 
In the case of a double source the emission induced by the resonator 
is i/k^h^ limes that due to the source alc»ne. That is, the augmenta¬ 
tion of sound emission is proportionately much gieatcr in the case 
of the double source. This is due to the relatively small efficiency 
of a double source as comptared ^\ith a simple source in radiating 
sound energy (see p. 6.5), Considering a simple ‘point’ .source 
near the mouth of a rcs<jnai(ii- in tunc with it, we sec that the 
intensity at a distant point will be iiicreascd in the ratio 1 /k"b‘^ 
(\vherc kb is a small ([uantity). The Introduction of the resonator 
near the source provides a moans whereby the pressure-variation 
8p can ]iroduce a large particle N'elocily $ with which it is in phase, 
thus increa.sing the radiating power of the source.f In other 
words, the Timed resonator decreases the radiation resistance R 
and neutralises the inertia leactanee of the source. The power 
radiated ( 8p) “/2R (see equation 24, p. 54) may therefore be greatly 
increased by diminishing R by means of the resonator. The most 
simple and efFcciixe demonstration of the reinforcement of sound 
by means of a resonator is that of the tuning-fork and tuned air 
cavity (a bottle containing the requisite amount of water). In 
comidering the use of resonatoi's in conjunction witli maintained 
sources of sound, it is important to bear in mind certain points 
mentioned above, e.g. the action of a resonator is not to magnify 
the sound after it has been incduccd by the source, Ijut to enable 
the latter to develop a greater sound output. " 'hi.s increased 
output must either be supi^licd directly to the, source or must 
originate in an increased efficiency c>f radiation. The advantage 
to be gained by using a resonator may be considerable if the source 
is initially inefficient {e.g. a tuning-fork, or a diaphragm electro- 
magneticaily excited in air) ; with an efficient source, lioivever, 
there are better methods of increasing radiation efficiency.']: 

* Lamb, Sound, pp. 273-274 ; s;*; 2. pp. 211-2]5. 

t Rayleigh, Sound, 2, pp. 212-213. 

J Hart and Smith, Principles of Sound Signalling, pp, .30-32 and 91-92. 
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Gas Bubbles in Liquids—-When air escapes in small bubbles 
from an orific immersed in water, each bubble gives a sound of 
definite frequency. Assuming that the sound arises from the 
periodic radial oscillation of the air-water surface of the bubble, it 
is easily shown that, per unit area, (1) the stiffness V of the gas 
bubble is 3 yp/a, and (2) the effective mass m of water set in 
motion is pa, where y is the ratio of specific heats and p the gas 
pressure in the bubble, V the radius assumed very small com- 
paied with the wave-length X of the sound radiated. Con¬ 
sequently the frequenev of radial oscillation of the bubble is given 
by 


M- 


1 

2;r 



3yp_ 0‘275 yp 
2;Ta' ^ P a ^ P ’ 


p being the density of the liquid. 

This result was lirst obtained bv M. Minnaert,* who verified its 
correctness exj)eriinentally. He showed that the frequency varies 
inversely as the radius of the bubble and the square root of the 
density of the liquid, but was independent of temperature. 
Experiments were made with btibbles of air, hydrogen and butane. 
\k and hydrogeji give the same frequency, but butane gave a 
frequency corresponding to y—Hl'i. 'Ehc method may therefore 
be applied to a detenninalion of y for gases obtainable only in 
small ciuantities. 

F. D. Smithf has also obtained the above tlieoretical value of 
bubble frequency and shows that the ratio ox mass reactance of 
the resonant bubble to the radiation resistance is 70, indicating a 
high degree of resonance. The resonant bubble is characterised 
by violent activity and shoots rapidly to and fro in a liquid through 
which an intense sound beam is passing-—larger and smaller 
bubbles are seen to be relatively quiescent. It is suggested by 
Smith that the well-known destructive mechanical effects of 
intense sound on vegetation, small animals,J etc. are due to the 
intense local strains in the vicinity of the pulsafmg bubble. The 
strain is increased about 15,000 times by the presence of any 
pulsating bubble smaller than the re.sonant size. Objects in 
contact with the bubble may be strained beyond the elastic limit 
and disintegrated. 


* Phil. Mag., 16, p. 235, 1933. 
tPAi/. Mag., 19, p. 1147, 1935. 

JR. W. Wood and A L. Loomis, see p. 151 ; F. L. Hopwoot!, J. Sci, 
Insts., p. 34, Feb. 1929 ; Newton Gaines, Physics, 3, p. 209, 1932. 
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In many investigations involving the propagation of sound in 
liquids a knowledge of the attenuation of sound caused by gas 
bubbles present in the liquid is of great importance. E. Meyer 
and K. Tamm,* H. Lauer,t and M. L. ExnerJ have determined 
experimentally the logarithmic decrement of the oscillations of 
air bubbles (in water) with resonant frequencies between 1 and 
20 k.c,/sec. In this frequency range tlie measured damping can 
be completely explained by losses originating from three processes : 
(1) sound radiation from the pulsating bubble, (2) heat conduction 
between the gas and the surrounding liquid, and (3) friction due 
to the viscosity of the surrounding liquid partaking in the oscilla¬ 
tions. For air bubbles in water it was found that the radiation 
damping At=0*048, the heat conduction damping A?i —0'3 and 
the theoretical viscosity damping A^^^XlO “^Xfrequency. The 
value of A V at 100 k.c./sec. should therefore be about as great as 
the damping due to radiation. In a later investigation M. L. 
Exner and W. Harape§ determined the damping of air bubbles in 
water with resonant frequencies in the range 20 to 130 k.c./sec. 
The radii corresponding to these resonant frequencies are between 
170 and 25// .m., and the velocities of rise lie between 30 and 
2 m.m./sec. The principle of the method used in the earlier 
experiments by Miss Exner is illustrated in fig.^ 60a. On the right 
is a diagrairt showing the experimental arrangement. A thick- 
walled glass tube filled with water is supported vertically. A 
small microphone connected through an amplifier and rectifier to 
a C.R.O. is mounted about half-way down the tube. At the top 
of the tube is a sound absorbing wedge (of Fafnir—a rubber wedge 
containing graded air cavities) pointing downwards, and about a 
quarter-way up the tube is another wedge pointing upwards ; this 
latter wedge passes sound travelling upwards but absorbs sound 
travelling downwards. At the bottom of the tube is mounted 
the sound transmitter. The small air bubble under investigation 
is injected from a hyperdermic needle as shown. Considerable 
skill and experience is necessary to produce bubbles of the required 
size. To the left of the diagram is shown a record of the variations 
of sound pressure at the microphone as the bubble slowly rises 
up the tube. So long as the bubble is below the microphone the 
latter measures the pressure amplitude of the wave transmitted 
past the bubble. In the early stage, whilst the bubble is below the 
lower wedge, some stationary wave oscillation is observed at the 


♦ Akust. Zeits., 4 , 145, 1933. 
tAcmica,^!, 25, 1951. 


^Acustica, 1 , 12, 1951. 
iAcUstica, 3 , 67, 1953. 
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lower end of the record. When the bubble passes the lower 
wedge the transmitted pressure amplitude is relatively steady at 
a value . When the bubble passes the microphonCj interference 
(like a stationary wave effect) between the direct sound and the 
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sound reflected from the ,s!o;vly rising bubble takes place, and 
the record shows a scries of maxima and minima depending on 
the sound reflected from the bubble and on the position of the 
latter relative to the microphone. When the bubble escapes at 
the top of the tube the microphone measures the normal pressure 
Pe in the water. A simple calculation from measurements of 
Pc P, and Pr gives the energy reflected from and absorbed by the 
bubble. 
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In later experiments in the higher frequency range (with much 
smaller bubbles) Exner and Hampe used a more elaborate arrange¬ 
ment for producing and controlling the bubbles, and they intro¬ 
duced a pulse technique. They found that Minneart’s relation 
between radius of bubble and resonant frequency held up to 
50 k.c./sec, but became doubtful at higher frequencies. The 
resonant frequencies were considerably influeirced by the presence 
of dust particles adhering to the surface of the bubbles, although 
the damping was not affected. In liquids with small surface 
tension, and free from dust particles, all the bubbles showed 
normal properlies. It was found that the damping due to 
viscosity was considerably smaller than would be expected from 

I jamb’s theory.* 

/ 

Trumpets and Horns, (a) Intensifying Properties —When, a 
trumpet or horn is used in the transmission of sound from a 
small source, as in the megaphone, gramophone, or electrical 
‘loud-speaker,’ the source is i)laced in a small ojjcning near 
the vertex. In this position it works at ina.ximum efficiency, 
since the radiation is emitted in the form of plane luaves, the 
radiation resistance of a piston source being a maximum under 
these conditions. The function of the flared trumpet is to 
replace the small source by a large, nearly flat, source working 
at the same rate, this large source of nearly plane waves 
radiating into the surrounding medium with an efficiency 
approximating to that for plane waves. Thus in a well- 
designed horn there is reflection from the open end only 
at low frequencies, t Rayleigh^ shows in the case of 
transmission from a conical trumpet, that the amplitude of the 
sound received at a distant point varies inversely as the solid angle 
CO of tlie cone, and the intensity as eo^. If the diameter of the open 
end is small compared with a wave-length a large proportion of 
the sound energy is reflected (as at the open end of a pipe), with a 
consequent reduction in the intensity of the sound radiated and 
the formation of stationary^ waves in the horn itself. By increasing 
the length of the cone, and consequently the diameter of the open 
end, this reflection will be reduced and will become negligible 
when the diameter of the open end is large compared with a w-^ave- 
length. Neglecting viscous effects, therefore, it would be possible 
by diminishing the solid angle ai of the cone to obtain sound of 

• H. Lamb, Hydrodynamics, 1931 (German edition). 

t The theory of conical and exponential horns ia developed by Crandall 
in Theory of Vibrating Systems, pp. 152-174. t Sound, 2, p. 113. 

14 
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any desired intensity and at the same time, by lengthening the 
cone, to transfer this energy without loss to the surrounding 
medium. Unfortunately, the practical utility of this fonn of horn 
is limited, for a conical horn of finite length and small angle will 
have little ‘flare’ and will therefore have serious end reflection, 
and consequent resonances similar to those of parallel pipes. The 
difficulty is surmounted in practice by the use of the ‘flared’ horn 
of exponentially increasing cross-section. The characteristics of 
the exponential horn arc very good even at comparatively low 
frequencies, giving ample justification for its use in ‘loud-speakers/ 
gramophones,* etc. 

(b) Directive Properties —It is often supposed that a conical 
speaking-trumpet prevents the sound which enters at the apex 
from diverging outside the limits of a cone fonning a continuation 
of the trumpet, and tliat the whole of the sound energy falling on 
the open mouth of a conical receiving trumpet is concentrated at 
the apex. In general, both these suppositions are erroneous. The 
reflecting proficrties of a iruiiipcl which, as we have seen, are 
dependent on the dimensions of the trunijjet are sufficient evidence 
that only a part of the incident energy reaches the apex of a 
receiving trumpet. The directive properties of a transmitting 
trumpet are also dependent on its dimensions. As Rayleigh has 
shown, the problem is essentially one of diffraction, analogous to 
the propagation of plane waves of light through a circular aperture, 
regarding the o]Den end of the trumpet as a source of sound in 
accordance with Huyghens’ principle. The problem is almost 
identical with that of the radiation of sound from a piston which 
we have already discussed (pp, 155 to 159). On the axis of the 
trumpet the sound intensity is always a maximum, for all the 
disturbances from the various elementary areas constituting the 
plane of the opening arrive in the same phase. In directions 
inclined to the axis the intensity is less, diminishing steadily to 
zero when the difference in distance between the nearest and 
farthest elements of the trumpet opening is rather more than half 
a wave-length. In a direction still more Inclined, the sound 
increases again to an intensity 0*017 of that on the axis, passing 
through successive zero and diminishing maxima values as the 
inclination increases. The primary and secondary maxima, with 
intermediate zero values of intensity, correspond identically with 
the various bright and dark diffraction rings ip the analogous 
optical case. The angle 6 at which the first silence occurs, Le, 


• Crandall, loc. cit. 
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the semi-angle of the cone which delimits the primary beam, is 
sin "^(0*61A/R) (see p. 157). Thus the primary or central beam 
will be confined to a cone of small angle when the radius R of the 
opening of the trunipei is large compared with a wave-length X 
of the sound emitted, i.e. the directionality will be sharp when the 
frequency of the sound is high. The polar distribution of amplitude 
and intensity is shown in fig. 49, p. 157. 

When the radius R is less than a quarter wave-length the dis¬ 
turbances from the elementary areas of the opening combine 
without much oj^position in jihase, and the intensity is nearly the 
same in all directions—that is, the .source, including the trumpet, 
approximates to a point source and is jmictically nan-directional. 

Rayleigh \erified the tlicory quantitatively for high-pitched 
sounds emitted from a horn. 

A study of the directional characteristics of horns at high 
fiequcncic's Im" been umcIc by S Ooldman,* using a magneto¬ 
striction rotl soune (1.5 io 25 kc./sec.) and a magnetostriction 
tube receive'!' (with tuned air cavity). 

The Voice - The voice i.s ]!roduced by -m eN[)ira1ory current 
of air being forted through the narrow' slit between the mem¬ 
branous reeds in the larynx, known as the vocal rnrd.s. These 
are set into vilnation, and the vibrations are enminunicatecl in turn 
to the resonant air cavities fntmed by the laiynx. the front and 
back part^ of the Tiiouth (separated by the tongue), the nose and 
associated cavities. During ordinary respiration tb.e glottis, or 
opening between the vocal cords, remains about half open, being 
rhythmicallv widened at each inspiration. For the production 
of voice, the free edges of the vocal cords are brought close together 
so as to form a narrov/ slit with parallel side's. The width of the 
slit and the tension of the ‘cords’ are rontrollecl by iiiuscles, w'hich 
thereby vary the frequency of vibration. The imensitv or loud¬ 
ness of the voice depends on the strength of the current of air 
through the glottis : the more powerful the Idast of 'air, the greater 
the amjililude of vibration of the vc>c:al rords. The precise action 
of the vocal cords in setting up resonant vibrations in ihc^ upper 
resonant air cavities is not definitely known. XIany writers, 
following Helmholtz, have regarded the vocal cords as reeds or 
strings stretched across the; larynx and vibrating transversely with 
a frequency depending on the tension ; this vibration being com¬ 
municated directly to the resonant air cavitie.s above. More 
recently the view has been pul forward that the function of the 


* /. Acoust. Soc. Amer., 5, p. 181, 1934. 
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vcx:al coitls is lo indiite vortex formation in the stream of air as 
it passes througli the slit. The phenomenon is similar in this 
respect to the production of /Eolian tones (see p. 218), but in the 
voice the vibration of the tensioned cords also plays an important 
part. It is .'significant that the vocal cords of men are about 1*5 
times the length of those of ^vomcn ; whilst among men, those 
with a tenor voice have shorter vocal cords than those with a bass 
voice. The human voice has a range of about three and a half 
octaves, although it is rare to find any individual with a range 
extending over two octaves. In men, two kinds of voice can be 
distinguished, the ‘chest register’ and the ‘head register’ or 
falsetto. Between these two registers there is a break in the voice. 
At the lower frequencies the chest voice is employed, the slit 
between the cords being very narrow and long. For the higher 
notes, the head voice, the vocal cords are wider apart and only 
their innermost margins are set into vibration by the current of 
air. The action (T the vocal cords may be imitated by means of 
two pieces of thin sheet rubber stretched edge to edge across 
a tube. .\Iternatively, an artificial larynx may be made of a 
stretched rubber strip fixed edgewise across a flattened air 
passage. The pitch of the note emitted by such an arrangement 
is detPimincd by the tension and length of the rubber strip and 
by the air pressure used lo excite the vibrations. 

-Articulate sjx'ech is ])ri)duced in the mouth and 
pharynx, if there is at the same time a production of voice in the 
lai^nx. If the latter is not called into play, the air ‘breathed’ 
through the resonant cavities of the mouth gives rise to whispered 
speech. Speech is characterised by rapid, hut smooth, changes of 
pitch, whereas singing usually maintains the pitch for longer 
periods at a constant value. Speech sounds are divided into vowel 
sounds and consonants. T'hc analysis and synthesis of these 
sounds was considerably advanced by the studies of Helmholtz,* 
who forined the view that the special characters of each vowel 
.sound were due to a combination of harmonic components of the 
‘cord tones,’ different for each vowel, reinforced by resonance in 
tlie oral cavities, i.e. in the throat, mouth, and nose. This has 
been called the harmonic or steady state theory of the vowel sounds. 
More recently the question has been examined by Paget. In a 
series of papersf he has described the results of his analy.sis and 

• Sensations of Tone. 

tSir Richard Paget, Nature, Marcli 1922; Proc. Roy. Soc., A, 102, 
p. 752, 1923, 106, p. 150, 1924 ; 114, p. 98, 1927. 
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synthesis of the more important vowels and consonant sounds. 
Observations on ‘breathed’ {i.c. without sounding the vocal cords) 
vbwel sounds indicated that in every case the oral cavity as a whole, 
from larynx to lips, actually giv^es tivo simultaneous resonances for 
each vowel sound. In certain cases, more frequent in ‘American 
accent,’ a third resonance, due to the upper or nasal cavity, may be 
introduced. Tlie two components are each more or less constant 
for each bmathed vowel sound. They consist of an upper series 
of notes ranging—for a bass voice—from about 608 to 2579 p.p.s., 
and a lower series ranging from 304 to 912 p.p.s. I>y means of 
plasticine models, Paget successfully demonstrated that recog¬ 
nisable reproductions of vowel sounds could be made by parsing 
a larynx note through two rr«onators in series, such that when 
joined they resonate respectively tf' the two characteristic reson¬ 
ances heard in the %oice when the vowel is bieathed. These 
resonances in sjicech arc varied by means of the lips and longue, 
which divide th(‘ oral cavity into two ])ar(s. The longue varies 
the relative volumes of ihr* two cavities and th(' si/e of the aperture 
or ‘neck’ r>f the inner cavitv'. The shape of tlie cavities is rela¬ 
tively unimportant. It was found that various consonant sounds 
could he pToduced by rnani]mlating the plasticine ‘vowel models’ 
os had previously been rlone by Kratzenstein (1779), von Kempcien, 
Willis (1829). and Whr-atstonc (1837')* in the case of a single 
resonator. Using a ci.nical reed j)ipc, I’yndall* produced sounds 
resembling human spt'ech ; “Holding the j)alm of my hand over 
the end of the pipe, so as to close it altogether, and then raising 
my hand twicr' in rjuick .succession, the word ‘mama’ is heard as 
plainly as if it were uttered by an infant.” As a result of his 
experiments Pagetf concludes that the consonants are recognised 
by tbc nature and the changes of the resonances which arc set up, 
and by their curves of ap])roach or recession from the resonances of 
the vowel witlr wliiclr they are assrK’iatod, i.e, ail the consonant 
sounds are as cssrmtially musical as the vowels. Willis (1829), 
Hermann, and Scripture have projrosed what is now described as 
the inhannonic theory (in contrast wuth Helmholtz’s harmonic 
theory). U is suggested that the characteristic frequencies of 
the vowel srsimds are the natural vibrations of the oral cavities 
excited impulsively by the more or less periodic puffs of air from 
the glottis. On this view, there need be no harmonic relationship 
between the vowel frequencies and the ‘cord tone.’ The classical 

* See Tyndall, Soiuid, p. 198 ; see also Rayleigh, Sound, 2, p. 397, etc. 

tioc. cit. 
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Fourier analysis is not considered applicable to such vowel sounds* 

D. C. Miller,on the other hand, is in entire agreement with the 
Helnilioltz theory. He has carried out extensive investigations 
on the optical recording and Fourier harmonic analysis of speech 
sounds (see also p. 479). He concludes that all vowels may be 
divided into two classes : (a) Those having a single characteristic 
region of resonance (represented by father, raw, no, and gloom, at 
frequencies 1050, 730, 460, and 326 p.p.s. respectively), and (6) 
those having two characteristic regions of resonance (represented 
by mat, mt^t, mate, mcot, at frequencies 800 and 1840, 691 and 
1953, 488 and 2461, 308 and 3100 p.p.s. respectively). The 
second series are in general agreement with Paget’s observations. 
J. Q. Stew'artf has recently reproduced vowel sounds by com¬ 
bining transient electrical oscillations of clifTercnt frequencies. As 
Stewart remarks, the dilTcrence between the Helmholtz theory 
and the Willis theory is not serious, as the disagreement concerns 
methods rather than facts. There is general agreement between 

the two sets of data. A compre¬ 
hensive investigation of speech 
sounds has recently been made by 
1. B. Crandall,t who employed a 
Wente non-resonant condenser 
microphone and a ‘distortionless’ 
resistance-capacity valve amplifier 
in obtaining oscillograph records 
of the various vowel and conso¬ 
nant sounds (see p. 479). Analysis 
of the records gave the predomi¬ 
nant frequencies characterising 
these sounds, and the relative 
amounts of energy present at each 
frequency. The results confirm and 
amplify the work of Miller and 
Paget and yield much fundamen¬ 
tal information relative to speech 
sounds. Fig. 61, due to Crandall, shows the energy distribution in 
speech as a function of frequency. In the male voice the maximum 
energy occurs at a frequency of 120 p.p.s., the female voice 
having a maximum about an octave higher. Measurements 
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• Miller, Science of Musical Sounds, p. 215, etc. 

i Nature, Sept. 2, 1922. 

tBoU Syst. Techn, Journ,, p. 586, 1925. 
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by Fletcher* on the interpretation of speech by articulation 
tests, indicate that it is the high-pitched sounds which are 
essential to intelligibility—in spite of the fact observed by 
Crandall that the energy of the voice is mostly of lo\v pitch ! The 
clearness of speech is unimpaired if all sounds up to 500 p.p.s. aie 
filtered out, 60 per cent, of the total sound energy being thereby 
removed. It is important to observe in this connection that the 
ear has its maximum sensitivity in the region of frequency 1000 
to 4000 p.p.s. Sabinef found that the rate of eniLssinn of sound 
energy in ordinary conversational speech was of the order 125 
ergs/second, and for public speech 2500 ergs/second. SaciaJ 
obtained results of a similar nature, viz. 100 ergs/second for speech, 
including 50 per cent, silent intervals ; and ‘peak’ values, in 
accented syllables, rising to 20,000 ergs/second. 

Maintenance of Vibrations by Heat 

Vibrations may be set up in a solid or a volume of gas by the 
intermittent or periodic communication of heat to some part of 
the system. In almost every case the heated body expands, and 
the expansion does mechanical work in compressing or displacing 
some other part of the body. If the phases of the forces thus set 
up are favourable—as, for example, in the analogous case of the 
electromagnet and spring in an electric bell—a continuous vibra¬ 
tion may be set up. One of the earliest and most familiar examples 
of a heat-maintained vibration is known as Trcvelyait’s rocker. 
This consists of a prism of brass or copper almost triangular in 
section with one edge grooved to form two adjacent parallel 
ridges. The prism rests with this grooved edge on a block of 
lead with a rounded top, the end of the prism tenninating in a 
ball which rests on a smooth surface. When the prism is heated 
and placed on the lead block it begins to vibrate, the weight being 
carried alternately on one or other of the two ridge. .. The cause 
of this vibration is ascribed by LesHe to the expansion of the cold 
block at the point of contact with the hot metal, the rocking being 
due to inequality of inertia of the portions of the rocker on opposite 
sides of the ridge. If both surfaces are quite clean rapid com¬ 
munication of heat is possible. The expansion of the lead under 
one of the ridges of the rocker produces a ‘hump,’ the force of 

* Phys. Rev., 19, p. 221, March 1922 ; and ReU Syst. Techn, Journ., 
p. 586, 1925. See also Speech and Hear'ng (Macmillan). 

t Sabine, Phys. Rev., p. 21, 1923. 

tBell Syst. Techn. Journ., pp. 382 and 627, 1925. 
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gravity throwing the rocker on to the other ridge where the opera¬ 
tion is repeated. In order to account for the maintenance, however, 
it is necessary to suppose a slight lag between contact and expan¬ 
sion, ollierwise the motion would be checked. It is important 
that th(‘ Idock on which the rocker rests should have a large 
tpniperatii’‘c-coefFicienl of expansion. Attempts to explain the 
r{x:ker vibriitions on the basis of gravity or elastic effects have 
been made by Page,* Gore,t CUmckerbulti,J E. G. Richardson,§ 
Barghava and Ghosh. |[ 

Mary D. Walleilf describes the conditions in which loud notes 
may be produced and maintained in metal objects such as tuning- 
forks, bais, discs, rings, and tubes when brought into contact with 
high density solid carbon dioxide. Evidence is brought forward to 
show that tlie source of eirrgy for producing the vibrations is the 
heat given up by the inclal to the solid CO 2 and that the efficacy of 
this substance in prcxlucing vibrations is demrrained by the fact 
that it sublimes and thereby i)rochices considerable gas pressures. 
In this respect it differs from the familiar Trevelyan’s rocker, 
although a point c^f resemblance is the, contact between a wairn 
good-condurior and a cold bad-conductor of heat. Miss Waller 
consideis, however, that the sublimation of the CO 2 plays an 
essential part and that the phenomena resemble in some respects 
the, produc tion of edge tones. 

Singing Flames—Under certain eircuinstances, a small gas 
flame intioducecl into a resonant chamber of air or other gas will 
emit a musical sound. The fact that the note emitted has practi¬ 
cally the same pitch as the resonant note of the cavity was noted 
by Chladni (18021 in repeating the first experiments of Huggins 
(1777) with a hydrogen flame. De la Rive obtained similar 
effects by heating water in a thennometer bulb, and ascribed the 
singing in all cases to the intermittent condensation of water- 
vapour. Faraday (1818) disproved this explanation when he pro¬ 
duced the sounds in tubes raised to a temperature above 100“ G., 
and obtained similar results with flames of carbon monoxide.** 
Schaffgotch and Tyndall independently succeeded in generating 
very powerful sounds by burning ordinary gas flames in tubes 

• SUliman’s Journal, 9, p. 105, 1850. 

tPW/. Mag., 15, p. 519, 1858, and 18, p. 94, 1859 

t Ind. Assoc, for Cultivation of Science Proc., 6, pt.“. 3 and 4, 192.’. 

8PA?7. Mag., 45, p. 946, 1923. 

Ij Phys. Rev., 22. 517, 1923. 

H Phys. Soc. Proc., 45, p. 101, 1933 ; and 46, p. 116, 1933. 

••See Tyndall, Sound, Lecture VI, on ‘Singing Flames.* 
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containing air—^incidentally showing how the flame could be 
used as a sensitive detector of vibrations in tune with the tube. 
Using a revolving mirror, Wheatston(^ proved that the flame was 
intermittent, and at one phase may withdraw itself entirely within 
the supply tube.* Sondhaussf showed that the singing was 
due to intermittent heating of the air near the jet, and that the 
length of the supply pipe w'as definitely related to the length of 
the singing tube. He found it was necessary that the vibrations 
of the gas in the supply tube and the air in the singing tube should 
be in step near the jet. A satisfactory explanation of all the 
phenomena was first supplied by Raylcigh,$ who pointed out that 
the fundamental factor of importance is the phase of the heat 
supply relative to that of the vibration of the gas in the singing 
tube. He showed theoretically that the heat must be sujipHed 
at the instant of greatest condensation (or romovvd at the instant 
of greatest rarefaction) in order to maintain the vibrations, i.e. 
the driving force, the heat supply tniist be in phase with the 
condensation. It should be obsorvi'd that this differs from the 
ordinai 7 cases of forced vibration where the vibration is be.st 
encouraged if the impressed force is a maximum when the con¬ 
densation is zero. The difTercnce in the pro,sent case arises from 
the fact that the lieat supply is intermittent, not .sinusoidal. The 
maintenance of the vibration in the air column may be regarded 
in the following way. Sudden apj'ilication of heat at the instant 
when the pressure-amplitude is a maximum V/,’ increases the 
pressure to (a-f S). Apart from loss of amplitude due to viscous 
forces and radiation of sound, the pressure-amplitude will there- 
foie increase by 8 at each complete vibration, and will ultimately 
reach a very large value. The equilibrium state is, of course, 
reached when the increments of amplitude due to the, heat supply 
are just balanced by the losses due to friction and sound radiation. 
To produce the maximum effect it is therefore irn’Kjrlanl that the 
flame must be placed at or near a point of maxmium pressure- 
amplittide, i.c. near a node in the sirtging tube. In addition to 
this it is of course necessary that the oscillations of tlie flame must 
maintain the required phase relationship wall the vibrations in 
the singing tube. The correct phase relation is made possible by 
the fact that there arc stationary waves set up not only in the 
singing tube but also in the gas su])ply tube. Now the pressures 

* See also Topler, Pogg, Ann., 128, p. 126, 1866 

t Pogg. Ann., 109, pp. 1 and 426. 1860. 

t Theory of SoiinA, 2, p. 226. 
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in both tubes must always be equal at the jet. Consequently 
the pressures in both tubes near the jet must be increasing and 
decreasing simultaneously, i.e. the jet must be at a node in the 
supply tube to correspond to the node in the singing tube. The 
required condition is fulfilled if the length of the supply tube is 
an odd multiple of ;i/4 (where A is the wave-length, in the gas, of 
the note in the singing tube). The corresponding antinode will 
be at a point where the supply pipe opens into a larger gas pipe 
or reservoir. 

If the gas jet is placed at an anlinode in the ‘singing tube,’ 
where the air is at its nonnal density, there will be no tendency to 
maintain or discourage the vibrations but the frequency of vibra¬ 
tion of the tube will be altered. If the heat is supplied a quarter 
period before the maximum pre.ssure occurs there will be an 
increase of frequency, whereas a decrease will be produced if the 
heat is supplied a quarter period after the occurrence of the 
maximum pressure. The various cases are illustrated graphically 
in fig. 62. Of these, in case (2) only will the vibrations be main¬ 



tained ; in case (3) they will be definitely discouraged ; whilst in 
(4) and (5) they will die away, after excitation, due to the usual 
damping forces of friction and sound radiation. The vibrations 
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which we have considered may or may not start spontaneously. 
In carrying out the experiment it is often necessary to initiate the 
vibration in some other \Nay, e.g. by blowing across the open end 
of the lube or by exciting it with a source of sound of the same 
pitch. It will be understood also that the fundamenta] lone 
of the ‘singing tube’ will be modified by the general rise of 
temperature and by the products of combustion of the gas in 
the tube. E. (i, Richardson* has carried lait experiments on 
singing tubes which verify Rayleigh’s theory. The flame of a 
Kiinig manometric capsule, attached to a singing tube on a level 
with the jet, wms viewed, simultaneously with the singing flame, 
through a stroboscope. It was found that the two flames vibrate 
in the same phase, as the theory requires, hc’at being given to the 
air at each condensation. Stationaiy waves were formed both' in 
the ‘singing’ tube and in the sujjply lube, bul the lengths of 
supply tube favourable to singing were found fo cov'er a much 
wider range ihan Rayleigh .surmised. 

Very .simple and powerful singing lubes, excited by applying 
heat to one end of a ‘double’ silica tube, have been described by 
G. T. Knipp {Phys. Rev., 12 , p. 491, 19181. F. L. Hopwood 
{loc. cit., j). 196) has also demonstrated a powerful flame 
source of sound consisting of a large metal T-piecc w'ith the long 
limb vertical and a flame at the lower end. Intense sounds 
emitted from the horizontal tube may be used for any desired 
purpose. If the intensity is small, the tone of a singing flame 
may be almost as pure as that of a tuning-fork.-f- 

‘Gauze’ Tones —In 1859 Rijke observed that a sound of 
considerable intensity could be produced by a heated rnctal gauze 
stretched across the lower part of a vertical tube. Tlie gauze was 
heated by a gas flame, and the sound was heard immediately after 
removal of the flame. Kee,i)ing the gauze hot by means of an 
electric current Rijke maintained the sound indermitely. Unlike 
the ‘.singing flame’ tube, which was maintained >y pressure 
variations near a node, tho ‘gauze’ tube depends for the main¬ 
tenance of its vibrations on the motion of air through the gauze, 
Le. on velocity variations. The air-flow near the gauze is the 
resultant of a direct upward convection flow* with a superposed 
alternating flow due to the vibrations. This results in a maximum 
temperature fluctuation in the direction of the upward part of 
each vibration ; for cold air is drawn over the gauze at the upward 

* Ptoc, Phys. Soc., 35, pp. 47-.'>4, Feb. 1923. 

t Science Progress, No, 158, April 1952. 
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nioveiiicnt, and air almost at the gauze temperature on the down¬ 
ward movement. When the gauze is in the lower half of the 
tube, i.e. below the node at the midpoint, this upward resultant 
assists the iijiward wave of compression, and as a consequence the 
vibrations arc maintained. It will be evident that the vibrations 
would be discouraged if the gauze were situated above the node, 
i.e. in the upper half of the tube. The experiment is very effective 
if a large jnelai ]npe, several feet long and about 6 inches in 
diameter is used, the \nhra!ions set uj) may become very violent, 
but they tnily peisist a few seconds, during the cooling of the 
gauze.* 

Sinnlar principles aie involved in the explanation of the comple¬ 
mentary phenomenon obseived by Bosscha and Riess.f In this 
ca.se the gauze is placed in the upper half of the lube, and a current 
ot hot air is jiassed uj) the tube through the cold gauze. To 
maintain the vibrations it is necessaiy to use a spe.cial water- 
cooled gauze. As Rayleigh states ' “In both Rijke.’s and Riess’s 
experiment.s the vari.ible transfer of heat depends upon the inotion 
of vibration, while the effect of the iiansfcr depends uoon the 
variation of pr^'^sior. The gauze must therefore be T)laccd where 
both effects aie sensible. ? r. neither near a node nor near a loop.” 

Heatinq by Alternating Currents, The Thermophonc, 
Singing Arc —If a conducting wire is heated by alternating 
cuiTcnt, its temperature rises and falls once in each half-cycle of 
the current, i.r. at twice the fiequcncy of the A.C. supply. If the 
wire is sufficiently thin, this tcmpcralure ll-ictuation is accom¬ 
panied by cmresjionding changes of length. A stretched hori¬ 
zontal wire will therefore be ‘'ct into resonant vibration when 
heated by a current of frequency cf|ual to that of the wire. Inter¬ 
esting observations iclnti\e to the prodiictiorr of sound by wires 
heated in this way are desi ribed in a jiajjer by E, Ludin.J 

In addition to the change in length of the he.iilcd wire or strip 
another important effect may be observed, namely, f/ie healing of 
the air immediately mrroundinfi the wire. The air is alternately 
heated and cooled in each half cycle of the current and, if retained 
within a cover of small volume, the c.xpansions and contractions 
are observed as sound. This effect is employed in a device 
invented by P. de Lange§ and known as the thcitnophone. A theory 

*See Phil. Mag., 17, p. 419, 1859, and 7, p. 155, 1879. 

•fPogg. Ann., 107, 342, 1859, 109, p. 145, 1060; and 127, p. 166, 1866 
i Arch, ides Sciences, 4, p. 383, Sep., Oct. 1922. 

S Proc, Roy. Sac., 91, p. 239, April 1915. 
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of the instrument, which can be used as a precision source of 
sound energy, has been developed by Arnold and Crandall,* who 
experimented with a simple form of thennophone using a platinum 
strip 7X10'‘^ cm. thick. When an alternating current i sin nt is 
passed through a fine wire of resistance R the heat developed 
is proportional to sin^ nf—iR?(l—cos 2nt). llie heat de¬ 
veloped consequently varies between 0 and Ri^ at a frequency 
2n/2Tr, i.e. at double the frequency n/2-jr of the current. If, now, a 
sufficiently large initial direct current z© he passed through the 
wire, the double frequency term, in 

R(to+* sin +2R*ot sin nt~ cos 2nf, 

may be made negligible. The fluctuations of heating effect then 
vary with the frequency n/27r of the current. The thennophone 
is therefore used with a moderate direct current on which the 
A.C. is supciposed. The sound reproduction of the device is of 
good quality, but is somewhat feeble relative to the response of 
ordinary electromagnetic telephone receivers. Within certain 
limits of frequency the thennophone has possibilities as a sound 
standard of small intensity-range. Incidentally, Wente {loc. dt.) 
has indicated how the device may be used as a means of measuring 
the thermal conductivity of a gas, troublesome convection effects 
being entirely avoided. 

The Singing Arc—Ducldellf showed that a continuous cur¬ 
rent arc shunted by an inductance L and capacity G in series 
would, for certain values of these quantities, emit a musical note 
of fre(|uency N—l/27r\/LC. This effect is due to the superposition 
of an oscillating current of frequency N on the continuous 
current, with corresponding heating effects in the gases in and 
around the arc. The singing property of the arc is made possible 
by its so-called negatiue-reshi&nce (the slope of the potential 
current curve dV/di being always negative). The best effects are 
obtained when the impedance of the oscillating circuit, including 
the arc, is fairly small compared with the resistance in scries with 
the main supply of current. The singing carbon arc in air may 
be used as a source of sound or of alternating current. If, how¬ 
ever, the arc is formed in a vacuum or in an inert gas at reduced 
pressure^ as in the case of a tungsten arc (‘pointolitc’) there will 
be alternations of current but no sound. A carbon arc fed with 


* Pkys. Rev., 10, p, 22, July 1917 ; sec also E. C. Wente, Phys, Rev., 
19, p. 333, April 1922. ^Electrician, p. 46, 1900. 
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alternating current behaves as a source of sound. If a micro¬ 
phone be coupled to the arc through a transformer, it is possible 
to cause sounds to proceed from the arc similar to those falling 
on the microphone. Conversely, sound waves falling directly on 
an arc, produce fluctuations of temperature and consequently 
of resistance and current. The current variations after passing 
through a transformer may actuate a telephone receiver. It 
should be noted also that the frequency of alternation of the arc 
may have any desired value in or above the audible range (up to 
10'' p.p.s.). In this respect the singing arc is primarily of im¬ 
portance as a means of generating higli-frcquency current oscilla¬ 
tions.* The arc is, however, very inefficient either as a source 
or a receiver of sound. 

Spark Sound Waves—A powerful electric spark may be the 
source of a single intense pressun; j)iilse or, if the electrical circuit 
is tuned, the spaik discharged may be oscillatory \vith accompany¬ 
ing pulses of altcmating jjressure. The pressure effects are un¬ 
doubtedly due to the large ihjctuations of feinperature and density of 
the medium in the path of the spark, the corrcsj)onding expansions 
and rarefactions spreading as spherical sound ^vaves which may 
be sonic or supfusonic according to the frequency of the electrical 
oscillations in the sjiack discharge. We shall refer later to the 
use of short wave'-lenglh spark-sounds or pulses to demonstrate 
various ‘optical’ phenomena. 

Vorfex Sounds 

(a) i^oHan Tones—When a steady flow of fluid passes an 
obstacle with appreciable velocity it is usually found that eddies 
are formed behind the obstacle. These eddies arise from the 
forces of viscous drag between the surface of the obstacle and the 
fluid. Such effects arc familiar in the case of a stream of water 
‘swirling* past a pile or rock. Similar effects arc also produced 
in a stream of air. Careful observation shows that a cylindrical 
obstacle, such as a rod or wire, in a stream of air sets up a double 
scries of vortices,f as shown in fig. 63. These vortices arising 
on opposite sides of the wire revolve in opposite directions, 
eventually becoming detached and carried along with the streara. 
The stream of air past the wire is thus set into transverse vibra¬ 
tion, as alternate left- and right-handed eddies are formed and 

• See ‘L’Arc Electrique,’ M. Leblanc (Les Presses Universitaires da 
France ); also Bragg, World of Sound, p. lOB, 

t Mallock, Proc. Roy. Soc., % p. 262, 1907. 
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detached. This process results in the production of alternating 
pressure-waves in the stationary air outside the stream. If the 
dimensions of the wire and the velocity of the air-flow are correctly 
adjusted, the pressure fluctuations become audible. An experi¬ 
mental investigation of these vortex vibrations was first undertaken 
by Strouhal* and later by Kohlrausch,t who described the 
sounds as ‘reibungstone.’ Stroiihal stretched a wire vertically on 
a frame which could be revolved at various known speeds about 
an axis parallel to the wire. It was found that the frequency N 
of the tone excited in this way was independent of the length and 



I'K... ' Vr)l til CS 

(Hiai’H''' WorJd nj Sound) 

tension of the wire, and vaiied only with the thickness d of the 
wire and the speed v of rotation. The results arc expressed 
approximately by the relation 

N-0‘185y/t^ . . . (1) 

The detachment of vortices and the wavering of the stream from 
side to side behind the wire is accompanied by corresponding 
alternating transverse forces of reaction on the wire itself. These 
forces tend to set the wire into vibration transversely to the stream.^ 
When the velocity of flow is such that the value of tl e frequency N 
in the above expression coincides with one of the natural fre- 

s I'J’ 

quencies of the wire, \~ (see equation (7/i), p. 91), the 

21 ^ m 

latter is set into resonant vibration and the sound emission is 
greatly increased. The music of the iT^olian harp is produced in 
this way. The harp consists of a number of wires of graduated 
thicknesses mounted on a sounding-board. The wires are all 
tuned to the same low fundamental note which consequently has 

* Wied, Ann., 5, p. 216, 1878. t Ann., IS, p. 545, 1881. 

t Rayleigh, Pful. Mag., 7, p. 161, 1879 ; and 29, p. 433, 1915. 
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B. wide range of overtones in the audible region. When the wind 
‘plays’ the harp one or more of these wires will resonate and emit 
the note of the appropriate overtone. 

Strouhal observed further that a rise of temperature was 
accompanied by a fall of pitch. Rayleigh* suggests that this 
effect must be associated with change of kinematic viscosity v 
of the air. In such a case the frequency N must be of the form 

^~j{^,/vd).v/d ... ( 2 ) 

where / is an arbitrary function ; and there is dynamical similarity 
if i/oe vd. Strouhai's experimental results indicate that v/vd is 
always very small. 

Rayleigh {loc. cit.) gives the following formula as agreeing well 
with observation, 


N=0-*95-"(1- '"7^) ... (3) 

where, for air at 20° C., the value of ^'=////o=::0* 1505 e.g.s., and for 
w'ater at 15° C., ==0 0115. Rayleigh has also demonstrated the 
general behaviour of a wire in a stream of air by the analogous case 
of a pendulum dipping in a revolving tank of watei. The pen¬ 
dulum is free to swing across the stream, along a radius of the 
tank, and its oscillations are sufficiently slow to be counted. E. G. 
Richardsonf has obtained confirmatory results with wires stretched 
across a wind or a water channel. Observations were also made 
on the critical values of flow past objects of aerofoil section with 
the stream incident at various angles. 

Examples of /^^olian tones are numerous, the ‘singing* of tele¬ 
graph wires, the ‘sighing’ and ‘roaring’ of wind in trees, and the 
‘whistling* of wind through tall grasses, are a few of the more 
familiar. 

(6) Edge and Jet Tones—^The tones produced when a stream 
of gas passes a sharp edge or emerges from a jet are analogous to 
the /^lolian tones to which we have just referred. Edge tones 
arise when a blade-shaped sheet of air or other gas streams out 
from a slit and meets a more or less sharp-edged wedge. A tone 
first occurs when the ‘edge’ is at a certain minimum distance from 
the jet, this critical distance being dependent on the velocity of the 
gas issuing from the jet.J The frequency of the tone falls off 

• Sound, 2, p. 413. t Proc. Phys. Soc;, 37, p. 178, 1925. 

f Schmidtke, Ann. d. Physik, 60, 8, p. 715, 1919; and 36, p, 153, 1924. 
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inversely as the distance x of the edge from the jet. At a certain 
value of .V, however, the frequency ‘junij)s’ to the octave higher, 
then again falls with increase of x as before. Air emerging from 
a slit-jet tends to form alternately spaced vortices on each side of 
the all stream. A jihotogiaph fby the ‘Schlicren’ method) of a 
high-velocity jet of air from a cin ular opening is shown in fig. 54, 
p. 187, where it is clearly seen that the emergent jet is divided into 
sections of nearly equal length. Kruger and Schmidtke* have 
shown that the frequency of the tones given out by air or other 
gases issuing from a small circular jet conforms with the relation 
N—/:y/D, where v is the velocity of the jet, 17 the diameter of the 
opening, and k a constant equal to O’015 approximately for various 
mixtures of air, CO_f, oxygon, and coal-^a*;. The regular vortex 
structure of the jet explains the peculiar obseivulions on edge tones. 
The distance between the jet and the edge is ciitical, because it 
must approximate to a multiple of the ‘vortex sejiaralifin' in the 
jet. 

Wachsmuihf carried out extensive cxjieriments on the pro¬ 
duction of jet and edge tones. He has drawn tiltenlion to an 
important application in fine organ pipes. With normal blowing 
pressure, the frequency of the first edge tone should coincide with 
the fundamental frequency of the air column. In the high- 
frequency sound generator of Hartmann and Trolle, to which we 
have previously referred (fig. 55), a small resonating column of aii 
is maintained in vibration by a high velocity jet having the regular 
vortex structure shown in fig. 54. The ‘bird-call,’ a \ery con¬ 
venient source of sound of high fjequency, probably depends for 
its action on vortex formation. A stream of air issues from a 
circular hole in a thin metal plate and impinges on a similar 
hole in a parallel plate held a short distance away in a tele¬ 
scopic tube. By varying the distance apart of the holes, or 
by varying the strength of the air blast, the note can be con¬ 
trolled over a wide range of frequency, its uppe- limit being 
quite inaudible. 

The formation of a regular series of vortices wnlh an alternating 
flow of air through an orifice has been beautifully demonstrated 
in a paper by Carricre.J The ‘stationary stratification’ of the 
air near the orifice of, a lesonator and the formation of eddies in 
an ‘edge-tone’ arc also clearly demonstrated. 

* Ann. d. Phyiik, 60, 8, p. 701. 1919. 

i Ann. d. Physik, 14, p. 469, 1904. 

t Journal de Physique, 9, 6, p, 187, 1928. 

15 
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The regular vortex formation which plays so important a part 
in the production of edge tones is generally regarded also as the 
basis of sound-sensitivity of certain types of flames or smoke jets 
(see also p. 409). Consequently the theoretical basis of one is 
often found to api)ly to the other, and numerous investigations 
deal with both edge tones and sensitive jets and flames. When a 
jet of fluid impinges on an edge, two vortex streets are formed 
and these maintain the jet in oscillation at a definite frequency. 
E. G. Richardson* * * § " has examined theoretically and experimentally 
edge tones produced in this way and ohuiined relations connecting 
the frequency of oscillation with jet velocity, distance from 
orifice to edge, and width and form of orifice. Z. Carricrc,t in 
various papers on sensitive flames, reproduces excellent illustra¬ 
tions of the eddy formation in edge tones. 1'. Kruger and 
H. Caspai't verify the Kannan theory of instability of eddy series, 
using a high-speed camera taking 3000 photographs per second. 
The relation between eddy formation in a sensitive flame and in 
edge tones is denionslratcd. A senes of researches by G. B. 
Brown§ has tlirown much light on the subject. The vortices 
prtxluced hy somsd in jets of alr§ are examined by stroboscopic 
cinematography. Their growth and velocity (lateral and rota¬ 
tional) arc determined. Tt appears that the rate of rotation of the 
vortices is projrorlional to the frec^uency of the sound incident on 
the jet. Tire conditions conducive to vortex growth are .studied 
in detail. In fig. 63a (i) a photograph of vortices formed in a 
smoke jet is reproduced. G. B. Browmjl has also examined the 
mechanism of edge-tone production. The tones produced when 
a jet of air strikes an edge with velocities extending from very low 
values to those near the Reynolds’ critical velocity in the orifice 
were investigated. Four different stages of stable vortex- 

formation occurred and the whole phenomenon was found to lie 
within the sound-sensitive range of the jet. In this range the 
frequency N varies with h the distance of the wedge (20°) and the 
mean velocity v, in accordance with the relation 

• Phys. Soc. Pror., 43, p. .394. 19.31. See aUo 11. Zickendraht and 

V. Harding, Ilcb. Phys. Acta, 7, p. 77.3 and p. 804, 1934. on ‘Sensitive 
Flames.’ 

t Refv. d'Acomtique. 3, p. 221. 19.34 (‘Sensitive Flames’) ; 
Rev. (PAcQustiqne, 4, p. 49. 1935. 5, p 112. 19.36 (‘Singing 

Flames’) Cahiers de Physique (No. 27), 1-16, 1945 ; /. de Phys. et le 
Radium (Ser. 8), 8, 225, 1947. 

t Phys. Zein.. 37, p. 842. 1936. 

§ Phys. Soc. Proc., 47, p. 703, 19.35. (See aho ‘Sensitive Flames,’ 
I^hif. Mag., 13, p. 161, 1932.) 

11 Phys. Soc. Proc., 49, p. 493, and p, 508, 1937. 
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N=::0-4666'{u-40) (1//I-0-07), 

where c—l, 2’3, 3*8, and 5*4 foi the four slaijcs respectively. The 
vortex motion at the edge shows a marked similarity witli that in a 
sensitive jet, but it cannot be assumed that the vortex motion in 
edge tones has its origin at the orilne, as it always has in sensitive 
jets. A rcprc.duclion of the voitev Inrmalion at a sharp «:dge is 
shown in fig. 63\ (ii)-—in this case N -126 c./sec., h—O'S cm., and 



(0 


Tk;. ti.t \ 


(ii) 


M—210 cm./sec. The theory is put forward that, in considering 
the cflect of the wake of a distuilrancc on the portion of the jet 
immediately following it, the compressibility and stre :ture of the 
surrounding medium must be taken into account. For low 
velocities, w'akc disturbance is the controlling factor, whilst for 
higher velocities the oficct of the sound emitted mu.st be taken into 
account. The application of these theories of edge tones in 
relation to organ pipes is considered in a later paper.* The 
peculiarities of under-blown pipes arc explained on the basis of 
the four stages of vortex fonnation, the tones emitted by the pipes 
as the jet velocity is increased, depending for their initiation on 
the vortex frequencies N given by the relation quoted above. 


* Nature. 141, p. U. 1938, 





223a 


VORTEX SOUNDS 


E. G, Richardson* * * § has pointed out that the two vortex streets 
spreading from a slit-jet, when they reach the wedge, form a 
secondary vortex system in the boundary layer along the two faces 
of the wedge. This secondary system of vortices must ultimately 
line up with the main jet vortex system to form two vortex streets. 
N. Curlef has developed this idea and shows that the hydro¬ 
dynamic reaction on the fluid emerging from the slit results from 
the alternating transverse velocity at the tip of the wedge. 
RichardsonJ has previously shown that pendulations similar to 
those of edge tones may be produced when under-water jets 
strike an opposing wedge at speeds much too low to generate 
sound \vaves in the water. In the case of circular jets there is 
evidence to show that high-frequency (hissing) sources are located 
near the jet, whilst the low-frequency sources are to be found 
further downstream. M. J. Lighthill§ has developed a general 
theory of sound generated aerodynainically, as in the jet-wedge 
systern. This theory, based on the equations of motion of a 
gas, makes an estimate of the soiand radiated from a fluid flow, 
with rigid boundaries, which as a result of instability contains 
regular fluctuations or turbulence. It is found that the sound 
field is that which would be produced by a static distribution of 
quadrupoles whose instantaneous strength per unit volume in 
many cases approximates to PviVi , where p is the density, , and 
< 0 i velocity vectors. The intensity in the radiated sound field 
depends crucially on the frequency as well as on the strength of 
the quadiupoles, and as a result increases in proportion to a high 
power, near the eighth, of a typical velocity U in the flow. 
Physically, the mechanism of conversion of energy from kinetic to 
acoustic is based on fluctuations in the flow of momentum across 
fixed surfaces. The efficiency of the process increases with the 
velocity U, but is always relatively low. 

Jet-edge tones have been examined experimentally by N. L. 
Nyborg, M. D. Burkhard and H. K. Schilling]! rising jet-edge 
resonator type whistles. They found maxima of intensity on a 
line at right angles to the axis of the linear jet with minima in the 
line of the jet. For a circular jet and higher speeds the maxima 
occur at 45° to the axis, corresponding to an arrangement of 
acoustic quadrupoles, as envisaged by Lighthill. When the 

* Nature, 172, 54, 1953. 

t Proc. Roy. Soc. A., 216, 412, 1953. 

t Proc. Phys. Soc., 43, 400, 1931, 

§ Proc. Roy. Soc. A., 211, .565, 1952. 

|[ /. Acousf. Soc, Amer., 24, 293, 1952. 
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velocity of the jet exceeds the normal velocity of sound the pheno¬ 
mena are similar to those indicated on p. 187 where a schlieren 
photograph is shown of a circular jet on the Hartmann and Trolle 
sound generator. A study of edge tones made by A. Powell* has 
thrown further light on the problem of vortex formation. 
Schlieren photographs have made the sound waves clearly visible 
and reveal the phase relationships on opposite sides of the 
stream. 

F. L. Hopwoodf has demonstrated the production of vortex 
tones with liquids. When perforated discs cr cylinders are 
rotated in water audible tones may be produced whose frequency 
and loudness depend on the speed of rotation and on the number, 
dimensions, and geometrical distribution of the perforations. Tf a 
jet of water is directed almost tangentially on a perforated dia¬ 
phragm then, under suitable conditions, (he diaphragm is set into 
vibration and emits a loud audible note. When the perforated 
disc is rotated under water it does not behave as a siren since the 
notes it pi (educes are separated by silent intervals. Very frequently 
an increase of speed results in a fall of pitch and vice versa. It 
appears to be established that the tones are due to the periodic 
picduclion of vortices caused by the reciprocal flow of liquid 
through the perforations from one face of the roior to the other. 
This phenomenon simulates in .sonic respects the formation of 
a'olian tones, edge tones and jet tones, with their associated 
Karinan streets of vortices. II. E. II. Rasmus.senJ has produced 
cavitation phenomena by similar means, c.g. the high-speed 
rotation of a disc having a single pevl})horal hole. He not only 
observed the intense acoustic efVects but studied the erosion 
effects caused by the collajising cavities and the reduction of the 
power of the blow and of tlie, accompanying noise when small 
air bubbles were introduced into the water near the rotating disc. 
Further reference Ls made to this on p. 231a in the discussion of 
cavitation phenomena in water. 

Viscosity has an imjiortant influence on the initiation of 
the vortex systems developed in edge and jet tones. There 
appears to be a minimum velocity, depending on the viscosity 
of the medium, belo\\- which the flow is stream-line. In 
that case no vortices aic produced and therefore no sound is 
heard. 


♦ Acustica, 3, 233, 1953. 

t Nature, 164, 454, 1949, and Acustica, 3, 39, 1952. 
t Trans. Danish Acud. techn. Sci., No. 1, 1949. 
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Sirens 

The earliest form of siren, due to Seebeck (1805-1849), consistec 
of a revolving disc perforated with a ring of equally spaced hole: 
which interrupted a jet of air from a tube mounted opposite 
The frequency of the successive puffs of air issuing througl 
the holes is equal to the product of the number of holes anc 
the revolutions per second of the disc. Tn the later form ol 
siren invented by C, de la Tour, the holes in the revolving disc 
were drilled obliquely and the single air jet was replaced by a 
corresponding fixed ring of jets (oblique holes in a disc forming 
the cover of a ‘wind-chest’). The blast of air emerging from the 
fixed jets impinged on the holes in the disc and, by its reaction, 
set the disc in rotation. In this fonn of siren the intensity of the 
note increases with frequency, both these quantities varying with 
the strength of the air blast. Improved forms of Secbeck’s siren 
are now in common laboratory use. The disc of holes is now 
driven by an electric motor fitted w'ith a speed indicator and speed 
control, the arrangement forming a very convenient means of 
determining the pitch of a note directly. It can be regaixled as a 
point source of sound t'f which the amplitude is ajiproximately 
proportional to the pressure of the air sup])ly. The wave-form of 
the sound is dependent on the manner in which the effective area 
of the orifice (the area common to the lube and the hole) varies 
with times as the disc revolves. With equal circular holes spaced 
a hole-diameter apart and equal in diarnelcr to the jet, the wave¬ 
form will approximate to that sliown in fig. 64 a, indicating that 



Fig. 64 A—Calculated Wave-form (circular holes and jet) 


a number of harmonics are present in addition to the fundamental. 
It would be an interesting exercise in Fourier analysis to discover 
the frequencies and relative intensities of the various harmonics 
in the wave-form, and to verify the ro.sint experimentally. 
Milne and Fowler* have devised a special form of siren of the 
Seebeck type for giving pure tones. The jet is rectangular in 
section and the holes are so shaped that the area of the jet exposed' 
varies sinusoidally. Fig. 64b shows the shape of a hole in the 

* Prac. Roy. Soc., 98, p. 414. 1921. 




SIRENS 


225 


disc of such a siien. An examination of the sound emitted by the 
special siren indicates a remarkable freedom from harmonics in 
comparison \v’ith the sound ficrii the ordinary siren with circular 
holes. E. Simeon* * * § describes a siren with a fairly pure tone whose 
intensity can be kept constant ever a frequency range 70 to 7500 
c./sec. 



Fig. 640 —Rectangulnr jet (i) and spctial-shnpcd Holes ( 2 ) to make Ares 

of Opening \aiy sinusoidally 


Sirens driven by compressed aii or sle.itn are in common use 
as souiec'^ of sound. Powerful sirens of the la Tour type, driven 
by a jet of waiei. ha\e also been used by Sir Charles Parsons for 
sionalline: under the sca.f 

l)uiing reet'ut years tnueh pif'gress has been nrade in the design 
of large-power sirnn for use in fog-signalling from lighthouses and 
lightships for the safety of ships at sea. In a paper “On the 
Production and Distribution of Sound,” Rayleighf refers to an 
investigation (at Si Catheiine/s, Isle of Wight) of the relative merits 
of various forms of sound generators, and concludes in favour of 
a motor-driven siren operating at 180 p.p.s. with an air pressure 
25 lb /sq. in. Such sirens, ho\scver, consume an amount of 
energy out of all proportion to the amount of sound energy 
emitted. It appears surprising that a siren to be heard eight miles 
away on a ‘good’ day consumes energy at the rate of 100 H.P. The 
high note of a Scottish siren tested at St Catherine’s required 
600 H.P. to pn)duce. As a contrast to this, Rayl-igh estimated 
the power to produce *an unpleasantly loud blast’ ot a small horn 
blown by the lips to be 0*00027 H.P. The 7-in. disc siren ased at 
St Catherine’s, examined in a similar way, was shown to be ex¬ 
tremely inefhrient-—the maximum pressure fluctuation (calculated) 
being less than 0*1 Ib./sq, in. as compared with the pressure 
25 Ib./sq. in. actually used. L. V. King§ has carried out extensive 

• Proc. Phys. Soc., 42, p. 293, 1930. 

t Engineering, p. 517, .\pril 18, 1919. 

1: Phil. Mag., 6, p. 289, 1903 ; Scientific Papers, 5, p. 126. 

§ L. V. King, Frank. Inst. Journ., 183, p. 259, March 1917 ; Phil. Trans., 
218, p. 227, 1919 ; Hart and Smith, Principles of Sound Signalling 
<Coo£table); E. T. Paris, Joum. Sci. Instrs., p. 187, March 1926. 



226 


SIRENS 


tests of sirens and other types of fog-signalling apparatus, using a 
Webster ‘phonometer’ (see p. 473) to measure the sound intensity 
at various distances from the source. We shall have to refer later 
to his observations in dealing with transmission of sound. Using a 
diaphone (see below), King concluded that of the 35 H.P. supplied 
as compressed air only 2*4 H.P. actually appeared as sound, and 
of this only 0*3 H.P. remained at a range of ten miles. Rayleigh 
has shown that degradation of sound energy is to be expected, 
and is most marked at large amplitudes. This is confirmed by 
King’s experiments. M. D. Hart has determined the ‘degrada- 
tirn coefficient’ in certain ca.ses, and has shown experimentally 
with a siren operated at 4 to 5 Ib./sq. in. that 15*5 per cent, of the 
encigy is lost between 40 and 100 cm. from the source, and a very 
much greater fraction be¬ 
tween 0 and ^0 cm. Fo? 
the efficient propagalion 
of soundj a high intensity 
at any point mud there¬ 
fore be avoided. 

The Diaphone-This is 
a powerful long-range 
fog-,signalling device in¬ 
vented by J. P. Nnrthcy 
in 1903. It is essentially 
a siren of the same class 
as those of Secbeck and 
la Tour, since it dilTers 
from them only in the 
fact that the opening and 
closing of the ports is 
effected by a reciprocat¬ 
ing instead of a rotary 
motion. The air supply 
causes the piston to oscil¬ 
late through a small 
amplitude, and also 
issues intermittently 
through the ports to pro¬ 
duce the sound. A sec¬ 
tion of a diaphone by 
Chance Bros., Birmingham, is shown in fig. 65. The actual 
diaphone used by L. V. King was fitted with a 4i-in. diameter 


/fit supply for 



Fig. 65—Diaphone (piston 9 ^ porta *05 inch 
wide at intervab of 0*39 inch. At w Iba. 
pressure-atrokc 0-47 inch, soa'oseiliatiotia 
per lecond, giving a aonul frctpicnqr of 
304 p.p.B.) 

(By courtesy of K -ssn. Chaoce Bros.. Binnio^han) 
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piston having 10 ports and an amplitude of 0*15 in. The 
operating pressure was 25 lb,/sq. in., giving 90 oscillations per 
second, i.e, a sound frequency of 180 p.p.s. The diaphone was 
htted also with a conical trumpet of semi-vertical angle 6‘5 degrees, 
diameter 4J to 16| in. in a length of 4 ft. 10 in., having a resonance 
frequency of 180 p.p.s. at which the diaphone operated. W. S. 
Tucker* describes experiments with a diaphone horn near the 
Casquet Rocks, C4hannel Islands, in which the sound was received 
by a doubly resonated hot-wire microphone (see p. 444) in tune 
with the diaphone, and recorded photographically. “At a distance 
of 4^ miles the sound was still too intense to obtain the whole record 
on the photographic strip, using full sensitivity ... it is believed 
that a range of at least 20 miles would have been recorded by the 
microphone. The superiority of tiu; diaphone (over the ordinary 
siren) was clearly demonstrated.” 

The Centrifugal Siren —Another form of siren, which is con¬ 
sidered by Hart and Srnithf to be the most efficient, consists of 
a radially vaned cylindrical rotor revolving in a stationary casing 
in which ports arc cut. 'fhe vanes are connected in pairs at thcii 
outei edges by cylindrical .segments, .so that rotation causes opening 
and closing of the fixed ports. Air is drawn through an axial 
aperture where the vanes are eut away. The sound is produced 
by the expulsion of air through the ports by the centrifugal action 
of the rotor, which may be driven by an electric motor or by 
an internal C(mibu.stion engine. The .siren is very ]wrverful 
and efficient. It ojrerates at a relatively low pressure, increased 
sound outjrut being obtained by inrreasing the area of the ports 
instead of increasing the pressure. No resonator is employed, 
and its directional propertic's arc good. The centrifugal siren 
combines the advantage.s of the Trinity House siren and the 
diaphone as regards signal characteristics, and is mcae efficient 
for long-distance siqnalUng. 

Explosion Sounds 

Infra-Sound -Tiic ejection of a shell from a gun and the 
subsequent explosion of the shell arc both accompanied by a large- 
amplitude pressure wave which can be detected at long ranges. 
The explosion at the gun is due to the relatively slow burning of 
cordite as compared with the sudden detonation of T.N.T. in the 
shell. The pressure waves in the two cases are therefore distin¬ 
guished by the difference in abruptness of the wave-front. The 


• Journ, Finy Soc. Arts, 71, p. 121. Jan. 5, 1923. 


t Loc. cit. 
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*ondes de bouche’ (from the mouth of tlie gun) consist principally 
of waves of very low frequency (of the order 1 p.p.s.), described by 
Esclangon* as Infra-Soujids. These are accompanied by sounds 
of audible frequency. An observer at an appreciable distance from 
the gun receives what appears to be a continuous train of waves, 
i.e. a ‘reverberation,’ clue to the numerous reflections of the pulse 
from objects along its track. Such reverberations may last several 
seconds, the duration often depending upon meteorological con¬ 
ditions. Gun records, obtained by meaits of a hot-wire micro¬ 
phone and Einthoven string oscillograph (see p. 524 on Sound 
Ranging), show- extended and complicated vibrations in the case 
of sounds coming ‘do\\'n-wind,’ the elTect being due apparently 
to the downward cur\-aturc of the sound ray (sec p. 320) and to 
the repealed reflection at the surface of the ground. With a 
flank wind, the reverberation is generally negligible and the simple 
character of the explosion ‘sound’ is retained. Reverberation 
effects are similarly obser\^ed under water on the explosion of a 
mine or a dejrth charge, the complications arising from wind, of 
course, being entirely absent. 

A single explosion impulse is often sufficient to set a resonator 
into vibration, thereby producing a musical note or a noise by 
shock excitation. A sharj) hammer blow on a resonant metal bar 
or a sudden withdrawal of a cork from an empty bottle (‘air 
tilled,’ to be nioie ])recise) are simple illustrations of this. The 
ejection of a shell from a gun results in a large-amplitude heavily 
damped oscillation. I’hc record of the gun wave, using the hot¬ 
wire microphone and Einthoven oscillograph, clearly reveals this 
effect. The longer the gun, the lower its ‘natural frequency’ and 
the slower the oscillation.f The gun barrel may be regarded as a 
stopped pipe (Nrrc/4/), but the composition and temperature of 
the contained gas at the instant of ejection of the shell is luicertain. 
The record gives an approximate value of the frequency. Hot¬ 
wire microphones, for use in locating guns, were consequently 
fitted in ‘resonators’ of various possible gun-frequencies. A gun 
was recognised by its ‘signature.’ 

A rapid succession of explosions at equal intervals of time may 
also result in a sound of a more or less musical character. The 
exhaust of a high-speed multi-cylinder gas or petrol engine, c.g. 

* Sec E. E'-clangon, UAcoustique tics Projectiles et des Canons. 

t P. Villard, Comptes rendus, 179, p. 017, Oct. 1924, ascribes the 
variation of frequency in these cases to the different weights of the 
explosive us!,d ; sec also Esclangon, loc. cil. 
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an aero engine, emits a powerful harsh sound, having a well- 
defined pitch, which varies with the speed. On account of the 
impulsive nature of the pressure fluctuations in this sound, a 
Fourier analysis of its wave-form would reveal a long train of 
harmonics in addition to the fundamental. A similar ‘musical 
noise’ of high frequency is produced in the ojreration of a Wehnelt 
electrolytic interrupter (used as a ‘break’ for large X-ray induction 
coils). This also is due to a regular succession of explosive im¬ 
pulses, arising from the sudden generation of gas under the liquid. 
The wave-form of such a series of ininubes recorded on a cathode- 
ray oscillograph indicates the abruptiif'ss of each ‘detonation.’ 
The highly compressed sjjheiical ])uisc from a powerful electric 
spark, and the ‘ondc de choc’ of a projectile (see ]r. 299) appear to 
an ob'-erver as a sharp ‘crack.’ The thickness of the pulse as 
revealed by spaik-shadnw photographs (see p. 374 and fig. 82) 
is extremely small, a fraction of a millimetre, indicating a very 
abrupt rise of ])ressiue in the front ('.f the pulse. We shall have 
to refer to the applications of such impulsive waves in the study 
of wave Iran.smissinn. 

Sounds from Rotating Propellers. Cavitation 

The pro])eller, (jr airscrew, of an aeroplane behaves as a 
powerful source of sound, which may be heard, under favourable 
conditions, at distances of several miles. The sound arises from 
the rotation of the source and sink system associated with pres¬ 
sure differences on the rotating blades. Using a Tucker resonant 
hot-wire microphone, with a continuously variable tuning, 
A. Page* has analysed the sounds emitted from various types of 
airscrew. He found that the sound of rotation consists of a large 
number of harmonics having as fundamental a note of frequency 
equal to the product of the number of blades and the rotational 
speed. 

Extensive investigations regarding the nature and origin of the 
sounds emitted from airscrews have been made by J. Obala and his 
collaboratorsf at the Aeronautical Research Institute, Tokyo. 
Sounds of aircraft in flight were recorded by means of a condenser 
microphone receiver (see p. 433), amplifier, and high frequency 
oscillograph. Similar observations were made under controlled 

• Proc. Roy, Soc., 107, p. 451, 192.5. 

t See Reports of Aero. Res. Inst. Tokyo, Japan, J)y J. Obata. S. Morita, 
Y. and U. Yosida, and S. Katvada (Reports No«. 59, 1930; 79, 1932 ; 
80, 1932 ; 99, 1933 ; 132, 1935 ; 134, 1936 ; 141, 1936). 
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laboratory conditions with full size and model (1/3) airscrews. 
Studies were made of the effect of varying the material, shape, and 
blade-angle of the airscrew, the frequency spectrum and intensity 
being measured in terms of the speed of revolution. The results 
were in general agreement with those of Fage mentioned above. 

The airscrew is a very interesting example of a directional 
source of sound and much theoretical and experimental work has 
been expended on this aspect of the problem. E. J. Lyman and 
H. A. Webb,* * * § and later M. D. Hart,t developed a theory of 
‘sources’ (just behind the airscrew) and ‘sinks’ (nearly at infinity) 
which gave directional properties in approximate agreement with 
general observation. Experimental work by E. T. Pairs,J to test 
Lyman and Webb’s theory, shows that the distribution of the 
fundamental sound of rotation round a two-bladed airscrew on a 
stationary aeroplane is such that (1) the sound tends to zero in 
directions foiward— i.c. against the slipstreain—or backward along 
the axis of rotation, (2^ there is a principal maximum in a direction 
about 23° behind the plane of rotation, and (3) there is a subsidiary 
maximiiin in front of th.is plane at about 30° to 45'’ from the axis 
of rotation. C. F. K. Kemp,§ using a condenser microphone 
receiver and cathode ray oscillograph, has determined the in¬ 
tensities and directional properties of the first six hannonics in 
the sound of an airscrew. Only 18 watts of sound-power 
emanated from a 600-FLP. engine, ie. 40 parts sound energy per 
million. Maximum intensity occurs from 15° to 30° behind the 
plane of rotation. 

A symposium on ‘Aeronautical Acoustics and Jet Noise’ was 
held in London in May 1953. E. J. Richaids and G. M. Lilleyj] 
described the behaviour of jets at subsonic and supersonic speeds 
and discussed the noise of jet engines and the ‘bangs’ heard when 
aircraft cross the ‘sound barrier.’ 

The greater part of the under-water sound from a moving ship 


* Aero. Res. Comm, R. and M., No. 624 (1919). ‘Emission of Sound 
by Air-8crewH.’ 

i Aero. Res. Omim. R. and M., No. 1310 (1930). ‘The Aeroplane 
as a Source of .Sound.’ See aUo R. McKnnon Wood, ‘Expeiiments 
on Sound Emllltd by Airscrews,’ Aero. Res. Comm, R. and M., No, 694 
(1920). 

t pm. Mag., 13, p. 99, 1932. 

§ Phys. Soc. Proc., 44, p. 151, 1932. 

II/. Roy. Aero Soc., May 1953, and Nature, 171 , 994, 1953. See also 
E. G. Richardson, Nature, 172 , 54. 1953. 
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comes from the screw propeller. As it revolves, the pressure 
behind the blades is reduced and, above a certain speed, a partial 
vacuum and unstable vortex cavities are formed. When such 
‘cavitations’ collapse, either on themselves or on the blades, a 
noise is produced. This noise has no predominant frequency, 
although it is to some extent characterised by the beat of the 
engines or the ‘rush’ of the turbines which drive the propeller. 
In considering the various possible causes of erosion in ships’ 
propellers, Parsons and Cook* arrived at the conclusion that sbeh 
cavitation cfTects are quite sufficient to account for the serious 
erosion observed. C^alculation sho\\'s that the pressure of the 
blow, when a vortex cavity collapses upon a central nucleus one- 
twentieth the diameter of the original cavity, may reach 68 tons 
per sq. in., or 765 tons per sq. in. if the diameter of the nucleus 
is only 1 per cent, of that of the cavity initially. Such enormous 
forces acting on the metal blades account not only for the rapid 
disintegration but also for the considerable output of noise, 

Rayleight examined theoretically the behaviour of an incom- 
pressive fluid in which he imagined a spherical void to be suddenly 
formed. The theory led to the conclusion that enormous forces 
were developed when a bubble collapsed, these forces being quite 
sufficient to account for the observed erosion of ])iopeller and 
turbine blades. W. T. BottomlcyJ describes experiments with 
Venturi ncvzles in which cavitation (Kcurs in the high velocity 
water flowing through the neck. lie I'stimates the forces de¬ 
veloped by the co]lap.sing bubbles to be of the order 120 tons/sq. in. 
Similar experiments have been juade by R. E. H. Rasmussen§ in 
which he measuicd the amount of erosion produced by cavitating 
water in Venturi tubes and neai a hole in a rapidly rotating metal 
disc in water. He dra\vs attention to the noise made by the 
ca'-itation and points out that this noise is absorbed when small 
air bubbles are introduced into the water. He suggests that it 
may be possible to suppress the noise from a ship’s propellers by 
blowing out air from suitable parts of the ship- llie lir to be dis¬ 
tributed as small bubbles in the water surrounding the propellers. 

A photograph of a mcdcl propeller at the initial stages of 
cavitation is shown in fig. 65a. The stream of small cavitation 
bubbles arising at the tips of the blades is the main cause of the 
propeller noise, Below^ this critical speed the noise emitted by the 

* Engineering, p. 515, April 18, 1919. t Phil. Mag., 34, 94, 1917. 

tJ. Inst. Mech. Eng., 158, (No. 3), 297, 1948. 

§ Trans, Danish Acad, uj techn. Sciences. No. 1, 1949. 
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propeller is almost negligible, a fact which is utilised by sub¬ 
marines trying to avoid detection. At higher speeds the cavitation 
spreads from the tip to the face of the blades, eventually covering 
the whole siiiface in a sheet of water vapour. At such high 
Fpeeds the efficiency of the propeller begins to be affected by the 
cavitation, and the noise is intense. Ships can be detected by 
propeller cavitation noise at ranges of 10 miles or more. 

A study of single cavitation bubbles has been made by a nunibei 
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of observers. R. T. Knajip and A. Hollander* have studied the 
formation and collajrse of individual cavitation bubbles in a high¬ 
speed water tunnel by means of high-speed phoiographs taken at 
tfie rate of 20,000 per sec. From these photographs it is shown 
that a bubble expands and collapses several times before it finally 
disappears, the frequency of this oscillation in size being calculable 
from Rayleigh’s theory. W. D. Chestcrman,t also using high¬ 
speed photographic methods, has demonstrated these oscillations 
of single cavitation bubbles and discusses the effect of nuclei on 
which the bubbles might fonn. Using a ship fitted with sub¬ 
merged windows through which the propellers could be viewed 
and .stroboscopically illuminated, J W. FisherJ has studied propeller 
cavitation under actual sea-going conditions. 

Cavitation also occurs when solid surfaces immersed in liquids 
vibrate with a sufficiently high velocity. If the liquid contains 
dissolved gas, this will come out of solution when the total negative 

• Trans. Am. Soc. of Mech. Eng, p. 419, July 194«. 

t Proc. Phys. Soc.,.65, 846. 1952. See al?o E. N. Han-ey and others 
(J. Appl. Phys., 18, 162, 1947). \ Engineer, London, 192, 656, 1051. 
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pressure at the vibrating surface in contact with the liquid falls 
below the saturation pressure of the gas in the liquid. True 
cavitation in a pure liquid will occur when these negative pressures 
are sufficient to overcome tlic forces of cohesion. Degassed 
liquids can withstand considerable tension and arc thus less easily 
cavitated. A familiar method of demonstiating cavitation by 
vibration is to use H.F. quartz transducers in oil or other suitable 
liquids. Ncltingk and Neppiras * have used this method and 
have proposed a theory which is in fair agreement wuth the 
obscTA'^ations. They dedu<c that all casitation effects will 
diminish and finally dis.q)[)ear as the fri'ciiieiicy of vibration is 
raised. R. Eschc, f investiualing envitation produced in liquids 
over a ranire of frrfjuency 0 to. 3':! M.c./sec., has jjrovided some 
confirinalion of this deduction. He found that at frequencies up 
to 1.3 k.c./.sec. the sound pres.sme lecjuired to jjroduce cavitation 
was ajiproximately constant. l)ut rapidly incrc-asi's as the frer|ucnc,y 
is raised still liigher- the increase amounting to .abonl 33 d.b. at 
1 M.c./sec. K 'rainm X has '•tndii'd the eaily stage.*, of incipient 
cavitation in a li(juid l)v measuring its effect on the attenuation of 
small auqilitudo s-ciutkI waves passing through tlie li(juicl. The 
slightest sign of ca\it<iilon ])!ocliucs a cmisiderahle incicase in the 
atlemiation of tie* sound waves. In these r.sqjerinu'nts the cavita¬ 
tion effects v,eie ju'oducccl by sudden controlled changes of 
pressure on the free surface of the liquid. 

Directional Sources of Sound 

A given amount of sound energy confined to a parallel beam 
(plane waves) or to a cone of small angle will be transmitted to 
a much greater distance than the same amount of energy spread¬ 
ing uniformly In all directions (spherical waves). Certain types 
of sound source, c.g. those of large area, double sources, etc., 
possess inherent directional properties.§ Other types, c.g. small 
‘simple’ sources, may become directional when used in conjunc¬ 
tion with such devices as mirrors or trumpets. The latter, how¬ 
ever, must conform to the condition that the radiating area is 
large. The combination of a small non-dircctional source and a 
targr reflector forms a directional source. A line, a ring, or an 
area of equally spaced non-dircctional sources may also, under 
certain conditions, function as a directional source. 

* Proc. Phys. Soc.. 63, 674, 19.50. 

t Akus. Beihefte, 4. AB 208, 1952, t Unpubli lied. 

S With thp exception ol the ‘breathing’ or radially vibrating sphere 
(a mathematical fiction) which is non-directional, whatever its radius. 
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Sources o£ large Area —We have already dealt with the case 
of radiation from a ‘piston source’ of radius R emitting a sound 
of wave-length X (see p. 157). It was shown, making use of the 
optical analogy of diffraction thiough a circular aperture, that the 
semi-angle of the primary beam is sin ' 0’61\/R, the solid angle 
of the cone approximating to a—O 'This result indi¬ 
cates increased sliarpncss of direction with increased area of 
source, H. Slenzel (loc. cit.) has dealt with this case by more 
elaborate mathematical analysis, making use of Rayleigh’s 
equations for the velocity potential in the neighbourhood of a 
circular piston source in an infinite wall.* The deductions are 
essentially the same as those already given (p. 153 etc.). The 
polar curves shewn in fig. 66 are taken from Stenzefs paper. It 



w’ill be seen that the primary beam giadually improves in 
directional properties as the radius of the disc R increases rela¬ 
tively to X. When 2R is less than X/4 the source is practically 
non-directional, i.e. it may be regarded as a ‘point’ source 
radiating spherical waves. When 2R is very great compared 
with X the ‘beam’ of sound becomes approximately parallel, like 
a beam of light passing through a large aperture. The intensity 
distribution around sources of sound of varying area has recently 
been examined experimentally by F. W. Hehlgans.f Using a 
high-frequency quartz oscillator (68,000 p.p.s., A=:0*5 mm. in air) 
and varying the area exposed by means of an adjustable ‘slit,’ he 
obtained polar curves of intensity in good agreement with the 
theoretical curves shown in fig. 66 due to Stenzel. The paper 
desicribes also many other interesting properties of high-frequency 
piezo-electric sound sources and receivers. In practice it would 

* Sound, 2, p. 162 et seg, f Ann. der Phys., 4, 86, p. 587, 1928. 
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be impossible to attain such a parallel beam of sound within the 
audible range of frequencies, for the linear dimensions of the 
source {e,g. a mirror with a point source at the focus) would have 
to be many times the wave-length of the sound employed (in air 
X varies from 11 ft. to I’l ft., over a frequency-range 100 to 
1000 p.p.s.). Large concrete mirrors 20 ft. or so in diameter have 
been used to receive sounds of such wave-lengths* in a fixed 
direction, but there are many objection.’; to the use of such large 
reflectors as a directional source of sound. The other alternative 
is to employ reflectors or other sources of moderate dimensions 
and work with sounds of very high frequency. The ticks of a 
watch placed at the focus of a concave mirror, say 2 ft. diameter, 
may be directed along a fairly definite line and received by another 
similar mirror. The spatial distribution of sound from vibrating 
diaphragms and horns has been dealt with theoretically and 
experimentally in various papers by N. W. McLachlan [loc. cii.). 
The increase in ‘directionality’ with increase of diameter of source 
relative to wave-length is demonstrated in polar cunes of sound 
pressure. 

Owing to the enoimous U>ss due icj viscosity and heat conduction 
at high frequencies (see p. 353), it is impracticable to use sounds 
of very high frequency for long-distance transmission in air. It 
is an unfortunate fact that the range of transmission in air is a 
maximum in the neighbourhood of 200 p.p.s. w^herc the wave¬ 
length of the sound is about 5 ft. A source of ‘large, area’ 
operating at such a wave-length would be out of the question. 
Under water, however, Langevin, Boyle, and othersf have used, 
with a certain amount of success, quartz ‘piston’ sources at very 
high frequencies 50,000 p.p.s. to 100,000 p.p.s. The wave-length in 
these cases is relatively short, of the order of 1 to 2 cm., con¬ 
sequently a piezo-electric source 30 or 40 cm. in diameter would 
emit a tolerably ‘parallel’ beam (see p. 157). ’Fhe applications 
of such sound transmitters have already been considered. 

Multiple Sources —The double-source, consist ng of two 
adjacent simple sources vibrating in opposite phase, was shown 
(p. 66) to exhibit directional properties. A vibrating diaphragm 
supported in an annular ring, and freely exposed to the medium (air 
or water) on both sides, behaves as a directional source (pp. 164 
and 454), the sound intensity being a maximum in front of, or 
behind, the diaphragm, and zero in the plane of the ring. The prong 

(supplemeniaiy vols.), article on Soand, 
A. O. Rankine. tloc. cit., pp. 152 and 515. 

16 
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of a tuning-fork exhibits similar properties, due to the interaction 
between the two sets of waves which radiate, in opposite phase, 
from the two sides of the prong. The principle may be extended 
to a large number of simple sources, suitably spaced, which may 
be vibrating in the same phase. Suppose we have ‘m’ sources 
spaced at equidistant intervals ‘d’ along a straight line and vibrating 
with the same frequency N, amplitude, and phase (see fig. 67 a). 
We require to know the polar distribution of amplitude in any 
plane passing through the line of sources. It simplifies matters 
if we arrange that tlie maximum resultant amplitude at a distant 



point P is equal to unity, each transmitter contributing an ampli¬ 
tude 1/m. If the effect of each source is represented by -- ooS 2irN/, 

the resultant displacement at a point P oriented at an angle x with 
respect to the line of sources, will be 


R' 



+ cos 231 



+ cos 23 i( 





The summation is conveniently perfonned vectorially, since each 
source has the same amplitude 1/m and is displaced so as to make 
a phase angle fi=.2'irx/k with the previous one. The magnitude 
of the resultant vector (closing the polygon) represents the magni¬ 


tude of the resultant amplitude 


1 sin (m,s/2) ^ , 

— . —;— i~rin<r and its phase by 
m sin ( i9/2) ^ ' 


(27rNfH-(m—1) [i/2). Expressing the orientation «c by cos ai~x/d, 
the resultant displacement at P therefore becomes 
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the term in square brackets being the resultant amplitude R at P. 
, Jtd ^ . _ sin 

writingcos ■=<., we have R"»-;—- which has maximum 
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values when <f> =0 and 2ir. Between these positions there are 
(m—2) secondary maxima whose positions, since rfR/d«^=0, are 
given by the transcendental equation 

m tan ^=:tan m,jS, 

which may be solved giaphically. Combining in this equation 
the value of R, we find 

R2 = 1 /(m* sin^ + cos® 



which is the equation of an ellljjse of seiui-axcs 1 and l/m. "I’he 
extreme values of R, i.e. the primary and secondary maxima, all 
lie on this ellipse. The greater the number of sources, the flatter 
the ellipse, i.c, the more .sharjtly directional is the ‘ellipsoidal 
disc' of stnind. The rxact positions of the se.condary maxima 
may he obtained by solving the transcendental equation gra})bically. 
The jjosiiions are given approximately by sin a(-r-3X/27/n/. 5\/2md. 
etc. llcyoncl ni~6 the ratio of jjrimaiy maximum to the largest 
secondary maximum hardly increases, the increase in the nnmht'r 
of simple sources beyond this value therefore serves no useful 
purpose. By suitably choosing the ratio rf/A, many primary and 
secondary maxima may be obtained between 'V =r0 and «< =Tr/2, 
there being always {rn —2) secondaries between each pair of 
primaries. The case of n?-- 6, d-~\/2 is shown in the polar curv'e, 
fig. 67b. The value of R is zero whenever sin (7r/2 . m cos 
is zero, i.e. whenever 77?/2.cos ^ is an integer. In the example 
illustrated (7;7~6, d~~\/2). the tlircctions of zero amplitude in the 
first quadrant arc given by -< z-70° 48', 48° 42', and 0°, with inter¬ 
mediate maxima as shown. The simple treatment of a line of 
multiple sources given above* includes, of course, the case of the 
double source m—2, which has primary maxima atx —90° and 270° 
and mo ((m—2)=:0) intermediate secondaries. When d-=.\ the 
primaries occur at 0° and 180°. Tf d is greater than \ there are 
more than two primaries. We may regard a continuous line 
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source as consisting of a very large number of elementary sources 
of the same amplitude and frequency, but differing progressively 
in phase. Applying the result obtained on pp. 16—17 to this case 
and writing ct==:l/m, we find 

R — fiin Qjd and Q—'\ . cos »(., 


that ^ 

\ sin| cos 

R- I , • 

a* cos < 

When «c=a/2 or 3a/2, sin and R=l. 

That is, when the observer at P is on a line at right angles to the 
line source the amplitude is a maximum. When cos < is a whole 
multiple of \/l, sin 6 is zero, and the amplitude R is zero. The first 
minimum, defining the limits of the primary beam, occurs when 
cos For example, if X = 10 cm. and I is 40 cm. the semi¬ 

angle of the primary' beams {forward and backward) is 14*5° 
(since cos and .<=75'5°). The number of secondary 

maxima and minima will depend on the length I of the line source 
relative to the wave-length X of the sound radiated, as we have 
seen on p. 235. H. Sten/el* also shows in the case of a con¬ 
tinuous circular radiator that 





where Jo is the Bessel function of zero order, and in the case of a 
circular disc radiator (see also pp. 157 and 232} that 


R=2J,(^‘. cos<) cos .1 

Ji being the Bessel function of the first order. A lightning flash 
is an example of an irregular line source of enonnous length. 

The directional beam of sound obtained by means of multiple 
sources may be rotated either by direct mechanical rotation of the 
line of sources, or alternatively by giving artificial phase duplace- 
ments {e.g. electrically) to the individual sources. In the latter 
case, the line of sources is fixed and the polar distribution is varied 
in accordance with the relative phase changes imposed on the 
sources (see also binaural compensator, p. 451, where this principle 
is applied to directional reception of sound). 

The directional and intensifying properties of trumpets, horns, 
and concave reflectors used with small point sources of sound have 
already been considered (see p. 206). 

* Electrische Nachrichten Technik, Rd. 4, Heft 6. p. 239, 1927. and 
p. 165, May 1929. See also N. W. McLachlan, Loud Speakers (Oxford 
University Press). 
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Some Methods o£ Observing the Motion of 
Vibrating Bodies 

In the case of a body vibrating with a small amplitude at high 
frequency it is necessary to adopt special means to record the vibra¬ 
tions, or to make them appear sufficiently ‘slow’ and sufficiently 
great in amplitude for inspection by the eye. This may involve {a) 
mechanical or optical magnification of the vibrations, {b) graphical 
or stroboscopic methods of \'iewing. The vibrations of gases and 
liquids have been studied indirectly by means of various forms of 
microphone {c.g. the hot-wire type), and more directly by means 
of rnanometric flames and membranes, and by methods of inter¬ 
ferometry’. In the following brief summaiy, however, we shall 
be moie directly concerned with the motions of vibrating .solid 
bodies, t\g. wires, rods, or diaphragms. The large-amplitude 
vibrations of the prong of a massive tuning-fork, or any similar 
vibrator, may be mechanically recorded on a smoked surface which 
is moving at right angles to the line of vibration. A stiff wire or 
bristle attached to the prong is allowed to touch the smoked 
surface as lightly as possible. I'he recording surface may, for 
example, be a flat plate of glass oi rnclal falling past the vibrating 
fork under the action of gravity, in which case the wavy line traced 
by the bristle is drawn out as the plate accelerates. The period 
of vibration is then obtained from 



IT 


where /| and I 2 are the successive lengths traversed on the plate in 
m oscillations of the vibrator. The tuning-fork records shown in 
fig. 37 were obtained by the ‘dropping plate’ method. As an 
alternative, the record may be made by tracing a wavy line on the 
smoked surface of a metal cylinder or disc rotated at a constant 
known speed. This principle is used in the case of i gramophone 
recorder, in which a vibrating diaphragm is connected by means 
of a lever to a cutting stylus which engraves the vibratory motion 
on the revolving disc. Such methods of direct recording are only 
possible where the mass and amplitude of the vibrator are both 
large and the friction and mass of the bristle are negligible. The 
method is unsuitable, for example, to record the vibrations of a 
thin string vibrating with a small amplitude. In this case, an 
optical method is preferable. The motion of the string may be 
viewed in a rotating mirror if a speck of chalk dust be attached to 
the string and brightly illuminated. A better method, which is 
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employed in the Einthoven string oscillograph, is to project a 
magnified image of an element of the string on a revolving mirror 
or a photographic film. If the string is very thin, e.g. an Einthoven 
fibre Xfi OT 2 fi diameter, a microscope objective is used to focus 
light on it, vv'hilst a second high-power objective and an eyepiece 
project a magnified image on the slit of the recording camera. 
Details of the arrangement may be found in electrical textbooks.* 
^ The following methods of obtaining large mechanical and optical 
magnification of the displacement of the vibrating body are 
instructive. They have a wide application in the experimental 
study of vibrations. 

(1) In certain cases, e.g. the transverse vibration of a diaphragm 
or a reed, some part of the vibrating surface tilts through a small 
angle relative to its equilibrium position. Provided the mass of 
the vibrator is not too small, a minute fragment of mirror {e.g. 
an oscillograph mirror, about 1 mm. scjuare, of silvered micro¬ 
scope cover-gla.ss) should be attached at a point whcie the angular 
motion is greatest, e.g. at a point about half the radius from the 
centre of a diaphragm. The linear oscillation of a spot of light 
reflected from the small mirror to a revolving mirror or photo¬ 
graphic plate, at a distance d from the dia]>hragm, will be 26d, 
where d is the angular oscillation of the small mirror. 
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(2) Method (1) requires a fairly large amplitude of vibration 
as the optical magnification is small. A great improvement in 
the method is due to A. E. Kennelly,t who made use of a high- 
frequency optical lever of very light construction to explore the 
small amplitude vibrations of a telephone diaphragm. In this 
method, a small triangular mirror (about 1^ mm. side) is attached 
rigidly to a phosphor bronze strip (as used for galvanometer 
suspensions) which is stretched tightly on a metal stirrup. The 

* E.g. see Irwin’s Oscillographs (Pitman). 
f Electrical Vibration Instruments. 



OPTICAL MAGNIFICATION 


239 


tip of the mirror is arranged to press lightly on the part of the 
vibrator of which the motion is required, and is adjusted to make 
an angle of about 45° with the direction of vibration. The 
magnification factor M of the arrangement shown in fig. 68 is 
20/^ cos For 2D=r.50 cm., rf--0'05 cm., M=HOO 

approx. It is necessary of course that the natural frequency of 
the small mirror on its phosphor bronze ‘spring’ is considerably 
higher than the frequency of the diaphragm under test. Also 
it is necessary that the inertia of the rnimir system should not 
appreciably affect the vibrations ol (he diaphragm. This optical 
lever gives a large magnification of the diaphragm movements, 
a small linear displacement of the diaphragm producing a large 
angular displacement of the small mirror and a correspondingly 
large deflection of a spot of light reflected from it - to the distant 
rotating mirror or film. A good optical arrangement for use with 
such small mirrors is shown in fig. 69. The method is metrical 
and may be used to determine the actual amplitude of vibration. 



Mirror 


A somewhat* similar method has been employed by the writer 
in certain types of oscillograph.* Two fonns of this arrangement 
are shown in fig, 70 adapted for longitudinal and transverse 
vibrations respectively. A small oscillograph mirror M (about 
2 mm. long by 1 mm. wide) is mounted by means of rubber 
solution across two pamllel knife edges as shown. The rubber 



Fig. •jo 

solution, after setting, holds the small mirror lightly, as with 
an elastic band, down to the knife edges. Vibration of one of 

• See A. B, Wood, ‘Piezo Electric Oecillograph?,’ Phil. Mag., 1, p. 631, 
Sept. 1925. 
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the latter causes the mirror to rock on the other as a pivot. If 
d is the effective distance apart of the knife edges and D the 
distance from the mirror to the film or rotating mirror, the optical 
magnification is 2D/d. This may be as great as lO"*. The method 
illustrated in fig. 70 has a useful application in a simple form 
of oscillograph in which the vibrator is the reed of a Brown 
telephone earpiece. For moderately low frequencies this oscillo’ 
graph is extremely convenient in a laboratory. 

(3) Another method, involving an optical lever device, is 
illustrated in fig. 71, in which R is a polished cylinder of steel 
and M is a small mirror rigidly attached to it. The cylinder is 
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Fig. 71 


held by a light pressure between a polished fixed surface and the 
vibrating surface (also polished). The oscillations of the vibrator 
cause the cylinder (a hard wire of polished steel) to rotate back¬ 
wards and forw'ards with corresponding movements of the spot 
of light reflected from the mirror M. Assuming there is no slip, 
the optical magnification will be 2D/r, where r is the radius of the 
wire and D the distance from the mirror to the point of observa¬ 
tion of the spot of light. With a wire 1 mm. in diameter the 
amplitude of the spot of light at 1 metre distance will be 4000 times 
that of the vibrating surface in contact with the wire. The 
magnification may be still further increased by reducing the 
diameter of the wire, always ensuring that the wire with its attached 
mirror behaves as a rigid system. 

The motion of a vibrating surface has also been observed by 
means of optical interferometry, the displacement of a system of 
interference fringes, formed between the vibrating surface and a 
fixed surface, indicating the movements of the vibrator. These 
methods have been employed by Tiipler, Boltzmann, Raps, Webster, 
and others* {loc. cit.). 

Stroboscopic Methodsf —If a body is in motion and is illumi¬ 
nated for a sufficiently short period of time it will appear to be at 

* See ‘Mechanical Amplification of Small Displacements,* A. F. C. 
Pollard, J. Sci. Insts., 15, p. 37, 1938. 

t A comprehensive summary of stroboscopic methods is given by 
J. F. Crowley in The Illuminating Engineer^ p. 189, Aug.-Sept. 1923. 
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rest. If the motion is periodic, then by suitable devices, the body 
may be exposed or illuminated at successive instants whilst it is 
passing through the same space interval in the same direction. 
The resultant effect of such successive momentary exposures is 
equivalent to a prolonged continuous exposure. Devices which 
give the appearance of rest or of slow motion to bodies in rapid 
motion are known as stroboscopes.* There are four ptjssible 
ways in which the necessary interruption of vision for stroboscopic 
observation may be achieved, viz. by an interruption (1) of the 
light between the object and the eye, (2) between the illuminant 
and the object, (3) of light at the object, and (4) of the illuminant 
itself. Methods (1) and f3) involve the mechanical operation of 
some form of shutter at the correct frequency, such as a rotating 
disc with a radial slit (or slits) which periodically comes into' the 
line of vision or allows the light to fall on the object. Plateau’s 
disc with radial slits was first used to determine the speed of 
revolution of wheels and shafts. A disc with corresponding 
markings was placed on the rotating shaft and illuminated by 
light rendered intermittent by the slotted disc. Stroboscopic 
beams of light, interrupted by such a disc placed at a focus, are 
.similarly used to viev/ vibrating objects (wires, reeds, etc.). 
C. V. Drysdale introduced the use of a stroboscopic tuning-fork, of 
known frequency wdth shutters attached to the prongs, to produce 
the necessary interruptions in the light. He also employed a uioie 
elaborate disc with geometrical patterns of various shapes for 
the motor-shaft, and was thus able to measure speeds in steps. 
A somewhat similar apparatus, with prongs of adjustable fre¬ 
quency, is known as the “Crompton-Robertson” stroboscopic 
vibrator. In a more recent arrangement Drysdale uses the tuning- 
fork to drive a phonic motor (see p. 130) with a conical drum from 
which a slotted disc is driven by friction.f The speed of the disc 
is controlled by varying its position of contact with the conical 
drum, and a continuous adjustment of frequency is thus obtained. 
In a still later form the slits are replaced by electrical contacts 
which ‘flash’ a neon lamp at the required synchronising frequency 
(see Method (4) below). A good example of type (1) stroboscope 
is known as the Ashdown ^otoscope/ It consists essentially of a 
viewing slit in front of which revolve a number of vanes which 
pennit the vibrating or rotating object to be viewed inter- 

* The first practical instrnment of this kind, a slotted disc for viewing 
a vibrating tuning fork, is ascribed to Plateau, 1801-1883. 

t The Roller Strebcscope— mamifactuTed by H. Tinsley 8l Co. 
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mittently. The shutters are spring-driven, and the speed is earily 
controlled and indicated on dials. The vibrations of a tuning- 
fork or a string are very effectively made to appear ‘stationary’ or 
‘in slow motion’ by this apparatus. It is extremely convenient 
also for viewing the vibrating reeds of a frequency meter, as 
suggested on p. 41, to demonstrate phase effects near resonance. 
Rotating and vibrating mirrors are frequently used for strobo¬ 
scopic work. Konig and Wheatstone both used a revolving set 
of four plane mirrors to observe the fluctuations in height of a 
vibrating flame. When the mirrors are rotated fast enough the 
images appear as a saw-like band across the mirrors. A similar 
application of rotating mirrors is used to observe the movements 
of a spot of light or the image of a fibre in the Duddell and 
Einthoven oscillographs. The appearance on the mirrors of the 
rapidly vibrating spot is a continuous curve which represents the 
instantaneous values of current or voltage applied to the oscillo¬ 
graph. The Briti.sh Woollen Research Association has recently 
devised a similar mirror stroboscope for viewing high-speed parts 
(.spindles, etc.) in spinning-machines. Method (3), viz. interrup¬ 
tion of the. light at the object itself, is exemplified in a device due 
to M‘Leod and Clark (1870), who used a cylindrical drum rotating 
about a vertical a.xis and covered on its curved surface with black 
paper ruled with white lines parallel to the axis and spaced about 
an inch apart. A horizontal beam of light, controlled by a mirror 
on the vibrating body, is projected on this drum, its oscillations 
being parallel to the white lines. When rotating at the correct 
speed, a white curve is seen representing the wave-form of the 
vibrations. This method is applied in the Hilger audiometer 
(p. 475), in which an extremely thin collodion membrane with a 
‘sputtered’ silver mirror attached reflects a beam of light on the 
striped drum. The black parts of the drum are used to intercept 
the light to the eye, whilst the white parts reflect. When the wave 
appears stationary the frequency of vibration must be the product 
of the number of white lines and the revolutions per second of the 
drum (or a multiple of this). In Method (4) the .source of light 
itself is cut off periodically. The introduction of the neon lamp* 
(1911) has rendered this method practicable and extremely con¬ 
venient, The lamp, filled with neon gas at reduced pressute, 
glows brightly with a reddish coloured light when 180 volts, or 
thereabouts, are applied to its electrodes. If the voltage is re¬ 
duced to, say, 150 volts the discharge fails and the light disappears. 


* Now supplied commercially aa the ‘Oaglim’ lamp. 
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The effect of varying the voltage outside these limits produces 
practically instantaneous response in the glow. It may, in fact, 
be used as an intermittent light-source up to a frequency of the 
order of 10,000 p.p.s. The flashing of the lamp may be controlled 
by the Anson-Pearson method.* Using a condenser G in parallel 
with the lamp and a resistance R in series, the flash frequency 
may be adjusted by varying G or R. More generally, however, 
the lamp is operated by a tnning-fork fitted with electrical con¬ 
tacts which interrupt the primary current of a small induction 
coil, the secondary of which is connected to a neon lamp. This 
gives flashes of a fixed frequency. Altern.itively the frequency may 
be varied by means of a commutator revolving at any required 
speed. 

All the above methods depend for their success on the physio¬ 
logical efl'ect known as ‘persistence of vision.’ If the frequency 
of interruption falls appreciably below 25 p.p.s. a definite ‘flicker’ 
is observed and the image on the retina appears no longer con¬ 
tinuous. I'he methods arc only applicable, of course, where the 
amplitude of the motion is easily perceptible to the naked eye. 
For this reason it is often necessary to introduce tlie methods of 
optical and mechanical magnification (mentioned above) before 
viewing stroboscopically. 

* Proc. Phys. Soc., 34, pp. 175 and 204, 1922. 
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TRANSMISSION OF SOUND 

The motion of a vibrating body is communicated to an elastic 
medium with which it is in contact and longitudinal waves are 
produced. The velocity with which these waves travel through 
the medium is dependent, as we have seen, on the fundamental 
physical quantities, elasticity and density. In fact, the satis¬ 
factory agreement between the observed and calculated velocity 
of sound waves is sufficient evidence of the longitudinal nature 
of the vibrations. When sound is transmitted through an 
‘infinite’ medium it may spread spherically, or may, theoretically 
at any rate, remain in the fonn of a parallel beam of plane waves. 
In either case there is a diminution of intensity or attenuation, 
as the distance from the source increases, due to losses of a 
frictional character, viz. viscosity and heat conduction. When 
the .sound waves near the source are of large amplitude, attenu¬ 
ation (or degradation) becomes extremely serious and the wave- 
velocity is also afTected. Again, an infinite medium for sound 
propagation is a mathematical fiction. All media c'^oable of 
transmitting sound are limited in extent, and sooner or later the 
wave must stop, or change from one medium to another. Obstacles 
in the medium give rise to the phenomena of reflection, refrac¬ 
tion, interference, diffraction, etc., all of which mc shall have to 
consider. 


VELOCITY OF SOUND WAVES OF SMALL 

AMPLITUDE 

The velocity c of sinall-arnplitude elastic waves in any extended 
medium is given by equation (17), p. 52, viz. c=i\/i</p,where k « 
the appropriate elastic constant and p the normal density of the 
medium. It is important to note that the variations of density 
Bp involved in the transmission of the wave are always small 
compared with p, otherwise the relation for c is no longer valid. 
With regard to the elastic constant this is the bulk modulus of 
elasticity in the case of a fluid medium. Solids, however, change 
in shape as well as in volume, consequently the coefficient of 
rigidity ft must be introduced and k replaced by k' + 

24S 
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(A) Velocdty of Sound in Gases 


Newton made the first theoretical estimate of the velocity of 
sound in air, assuming that the relation between pressure and 
density was that given by Boyle’s law, i.e. pfp —pol po=constant. 
On this assumption the bulk modulus of elasticity k (see p. 51) is 


JP.. 

dvfvQ 


dp Po 

or 

dp Po 


The velocity c will therefore be 

c— •J kIpq~ ijP qIPq • . . (l) 

for small variations of o- Taking pQ=:lO^ dynes/cm.^ approxi¬ 
mately and po=0*001293 for air at 0° G., the velocity c would be 
2*78X10^ cm./sec., which is about 16 per cent, lower than the 
observed value. This discrepancy was not satisfactorily explained 
till Laplace pointed out the error in deducing the elasticity from 
Boyle’s law, which only holds at constant temperature. Now 
the compressions and rarefactions in sound waves take place so 
rapidly that the heat developed in compression, or the cooling 
in rarefaction, has not time to be transferred to the surrounding 
medium. That is, the changes are not isothermal, but adiabatic, 
and the relation between pressuie and volume or density is 
given by 


=oon8b. or that is, 

P P<i pj 

where y is the ratio of specific heats. From this we obtain 


dp, 

dp' 


whence K=Po7^==TPo c=VTpolPo 
Po' ^ 


( 2 ) 


This is as we should expect, since 

(Adiabatic elasticity) (isothermal elasticity). 


The value of y for air is approximately 1‘41, consequently the value 
of the velocity obtained from Newton’s isothermal formula must 
be multiplied by \/r, i.e. by 1’187. We then find r—3*3X10^ 
cm./sec, at 0® G., which is in good agreement with observa¬ 
tion. This agreement appears to justify Laplace’s assumption 
that the changes taking place in the medium traversed by the 
sound wave are adiabatic. Stokes has examined the question 
theoretically^and has shown that the elasticity must be either 
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isothermal or adiabatic—any intermediate condition would involve 
rapid dissipation of energy and the sound waves would not travel 
an appreciable distance through the air, a result which is contrary 
to experience (see also p. 351) . 

Since the ratio p/p is constant at constant temperature, i.e. 
p changes in proportion to the velocity is independent of the 
pressure. At very high pressures, how'ever, where departures 
from Boyle’s law become noticeable, this is not strictly accurate.* 

Influence of Temperature —The density of a gas varies with 
temperature 0® C. in accordance with the relation;}^=:po/(l + x 0)> 

where < is the temperature coefficient of volume-expansion at 
constant pressure. The velocity c^ at temperature 0® is therefore 

^/ypo^i +‘<0)/Po=Co*/fl + 

Now for any gas < — 1/273 per degree Centigrade nearly, therefore 

c/co=x/t7t; . . . (3) 

where T and T© are the absolute temperatures corresponding to 
0° and 0° G. That is, the velocity varies directly as the square 
root of the absolute temperature. 

Equation (2) indicates that the velocity is independent of 
frequency. It is, however, dependent on the nature of the gas, since 
the ratio of specific heats y and the density p are involved. 
Provided y i.s the same, the velocity varies inversely as the square 
root of the density. For example, the velocity is four times as great 
in hydrogen as in oxygen. When the values of p. p, and c are 
knowri the value of y may be detennined. This has direct 
application to the determination of the ratio of specific heats of 
rare gases (see p. 256). 

Influence of Moisture —The velocity is only slightly affected 
by the humidity of the air. The presence of water-vapour pro¬ 
duces a slight loweiiiig of mean density p, the value of the ratio 
of specific heats y being practically the same for diy air or air 
saturated w'ith water-vapour. The calculated velocity in air 
saturated with moisture at 10° C. is from 2 to 3 ft./sec. greater 
than in dry air. 

Relation between Sound-Wave Velocity and Molecular 
Velocity in Gases —As we have seen, the to-and-fro vibrations 
of the medium are transmitted foiward from layer to layer with 

•Witkowski, Bull. Acad. Cracow, p. 138, 1899; and P. P. Kocli, 
Am. d. Physik, 26, p. 551, 1908. 
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a definite velocity. Regarded from the standpoint of the Hnetic 

theory of gases, this to-and-fro motion must be superposed on the 

ordinary random motions of the gas molecules. The velocity 
with which the ‘sound wave’ is propagated must depend primarily, 
for small-amplitude waves, on the velocity of the molecular move¬ 
ments. Disregarding at first the adiabatic changes of temperature 
which take place due to rapid alternations of pressure in the sound 
wave, it is a simple matter to deduce the velocity of sound in terms 
of the velocity of the molecular movement. According to kinetic 
theory, the pressure in a gas arises from the to-and-fro motions 
of the particles and is transmitted in all directions due to this cause. 
Tn determining the velocity of sound we have to consider the value 
of that component of molecular motion corresponding to the 
direction of the sound wave. Consequently it follows that the 
velocity of sound must be less than the mean velocity of the mole¬ 
cules which move at random in all directions. In confirmation 
of this we know, for example, that in air at 0° C. the velocity of 
sound is 331 nietres/sec., whereas the molecular velocity is given 

by\/u*=:485 and 447 mctres/sec. being the root mean 

square velocity and u the mean vekxity of the molecules). The 
kinetic theory of gases shows very simply that the pressure in a 
gas is given by 


p= ... (4) 

where N is the number of molecules per c.c., m the mass of a 
molecule, and p the density of the gas. 

This relation expresses the molecular velocity in terms of the 
pressure and density of the gas, thus 


w” 



(5) 


Since the energy of the motion of the molecules in a given direc¬ 
tion, e.g. the X axis, is onc-+hird of the whole energy,* we may write 


Ux- 



( 6 ) 


where ttow refers to the component of molecular velocity along 

the X axis. But is identical with the velocity c of sound 

waves through the molecular system. Thus we may write 


c — 




(7) 


* See 0. E, Meyer, Kinetic Theory of Gases, pp. 18 and 74. 
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which Ncwton’8 ‘isothennal velocity’ of wave-propagation in 

the gas. If we employ the mean molecular velocity u instead of 
we must write (4) in the form 

P=|..p(m) 2 since . . (8) 

which leads to 

\|— ... ( 9 ) 

^8 ^ p 

As we know, this relation for the velocity of sound is inaccurate 
since no allowance has been ir...de for the kKal heating and cooling 
of the gas, t.e. the local increase and decrease in velocity of- the 
molecules, as the soiincl wave passes through it. The ratio of 
pressure to density only rernain.s constant at constant lemperaluje. 
If the latter quantity is allowed to flurtuate we must introduce 
the factory, the ratio <^f specific heats of the gas. Thus equation 
(9) for the velexity becomes 

- . . (10) 

We arrive therefore at tlie simple relation which exists between 
the velocity c of sound in a gas and the mean velocity u of its 
molecules. 

This relation also involves the ratio of specific heats of the gas, 
a quantity which also can be derived from molecular data. It is 
shown in textbooks on heat* that 

V = 1 -4- - , 

r ’ 

where r is the number of degrees of freedom of the molecule. 

For monatomic gases . . r-=.3 and r“l*66. 

„ diatomic gases . . . r—5 „ ?r=:l*40. 

„ triatomic gases . . . r~~7 „ 7=1 *29. 

It will be evident that a knowledge of the velocity of sound in a 
gas, at known pressure and density, provides a powerful method 
of determining valuable molecular data, viz. the mean velocity of 
its molecules, the ratio of specific heats and the number of degrees 

* See, lor example, Preston’s /feat p, 289. 

17 
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of freedom of the individual molecules. In this connection the 
following table is of interest :— 


Gas. 

Atoms 

per 

Mole¬ 

cule. 

Observed 
Ratio of 
Specific 
Heats, T 

Mean Molec¬ 
ular 

Velocity, 

cm./sec. 

.'ti 

Observed 
Velocity 
of Sound, 
cm./sec. 

“vr 

cm./sec. 

Argon 

1 

1'67 

3 8 X10‘ 

3 08X10‘ 

3-08X10' 

Hydrogen 

2 

1-41 

17-4 .. 

12-86 „ 

12*9 „ 

Air 

2 

r40 

4-47 „ 

3-31 „ 

3*31 „ 

Carbon 

dioxide 

3 

IMO 

3'6 „ 

2-57 

2 - 56 ,. 


Equation (10), which gives the velocity of sound waves through 
the gas in terms of the molecular velocities, implies a small- 
amplitude sound wave, in which the additional velocities imparted 
to the molecules in the direction of wave-transmission are not 
comparable with the ordinary molecular velocities. An example 
will serve to illustrate this point. A sound wave of frequency 
2000 p.p.s. and displacement amplitude 10~® cm. (a sound of 
moderate intensity) will impart to the molecules in air a ‘particle’ 
velocity of 2fl-X2000X 10'® cnj./sec., i.e, r2Xl0'^ cm./sec., which 
is quite negligible compared with the mean velocity of random 
motion of the molecules 4*47X10^ cm./sec. The displacement- 
amplitude of the molecule due to the sound wa'^e is in this case 
comparable only with the diameter of the molecule, of the order 
10’^cm., and is very small compared with the mean free path of 
the molecules of the order 10 cm. at N.T.P. It is only in the 
case of large-amplitude waves, which we shall consider later, that 
the wave-velocity requires a correction foi the particle-velocity. 

(a) Experimental Determination of the Velocity of Sound 

in Free Air 

The velocity of sound in free air is affected by the wind. If 
the component of the velocity of the wind in the direction of the 
sound is v, then the observed velocity of sound will be c ± f> 
according, as the wind is ‘with’ or ‘against’ the sound, provided 
that V is constant and not unusually great {v^jc^ negligible) at the 
time of making the observations. The temperature and humidity 
affect the velcx:ity in the manner we have seen. 

Earlier Determinations —The first recorded careful deter¬ 
mination of the velocity of sound in the ojxjn air appears to have 
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been made by fcertain members of the Paris Academy in 1738 by 
what is now known as the method of reciprocal observation, which 
eliminates the wind correction. Cannons were fired at half-hour 
intervals alternately at the two ends of a base line 18 miles long, 
and the intervals between the flash and the report weie noted by 
observers at each end of the base. Reduction of their observa¬ 
tions gave a value of 332 metres/sec. in dry air at 0°C. A second 
series of experiments was made at Paris in 1822 by the Bureau 
des Longitudes. The method of reciprocal firing was used at 
intervals of five minutes, and accurate chronometers replaced the 
pendulum clocks of the first series. At 15*9° C. the mean velocity 
was found to be 340*9 metres/scc., whence c—331 metrcs/sec. 
at 0° C. In 1864 Regnault improved the method of reciprocal 
observation by the use of electrical recording, by which the 
‘personal equation’ of the observer was eliminated. Rcgnault 
found, however, that his receiver, a stretched membrane with 
an electrical contact, also had a ‘personal equation’ which \'aried 
-with the intensity of the sound wave. This error was evaluated 
and a correction apirlied. 'riio instant of firing was recorded by 
the breaking of a wire, fonning part of the electrical recording 
circuit, stretched across the iuu/;/le of the gun. The mean values 
of velocity at C. obtained were 

From 0 to 1280 inelics . c -.;V.) I *37 ni./.sec. 

„ 0 to 2445 „ . . . . c=-: 330*71 m./.sec. 

Whence from 1280 to 244.5 metres . cr-329*9 rn./sec. 

The decrease of velocity vrith diministnng intensity is, as we shall 
see later, in accordance with theory. 

Observations of the velocity of sound at low temperatures 
( —38” F. to 4-35° F. ) were made in the Pany Arctic Expedition. 
The reduced observations give a value 331 melres/sec. at 0” C., and 
an increase with temperature of approximately 0*35 ractres/sec. 
per °C. A. W. Greely,* experimenting at temperatures between 
—10° C. and —45° C., gives a value of velocity 333-}-0*6^’ metres/ 
sec., where $ is the temperature in degrees Centigrade. 

In 1853 J. Bosschaf determined the velocity of sound by what 
is known as the method of coincidences. The jnelhod was simplified 
by Konig in Paris (1863). The velocity is determined as follows : 
The sound {e.g. from an electromagnetic ‘hammer’ or ‘tapper’) 
is transmitted, at regular accurately known time intervals, simul¬ 
taneously from two points at a known variable distance apart. 


^Phif. Mag., 30 , 507, 1890. 


fPogg. Ann., 92 , 485 , 1854 . 
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When the sources are close together, the taps arc heard together ; 
but when one source is moved further away, the taps are separated 
by an inlcrv'al, at first increasing and then decreasing till they again 
coincide. Increasing the distance continuously, such coincidences 
are observed at equal intervals of distance. Thus if N is the 
number of signals per second and d the mean distance apart of 
the points of coincidence, the velocity c will be N<f. In 1864 
Kahl further simplified the method by using only one source of 
sound, the other being replaced by the ‘image’ of the first reflected 
from a wall. The observer with the tapper moves aw'ay from the 
W'all, noting the points at which direct sound and echo coincide. 
The velocity is then c—2NV/, where d Is the distonre apart of the 
points of coincidence, fn another modification of this method 
the distance apart of the two ‘tai)pers’ (or of one and its ‘echo’) 
is fixed, whiht the nninbcr N of taps per second is varied until the 
taps are heard simuUanconsly. "f he accuracy of timing in the coin¬ 
cidence method is, according to Szathnari (187/"), about 1/400 sec. 

More Recent Determinations—Probably the most accurate 
mcasummenls of sound velocity in the open air have been carried 
out in connection with location of guns l)y sound-ranging 
ineihcds (sc'c p. .‘)24). E l>clangnn, * crn])loying a refinement of 
Regnauh’s mcording method, inade an extensive series of ^•clo^ity 
observations during 1917 and 1918 at tein])eratmes from O'* to 
20'^ C. and under various conditions of wind and humidity. The 
sound waves from guns of various calibres wctv received by 
electrical detectors (c.g. the Uined hot-wire niiciojihcne, see p. 440) 
at distances of MOO metres and 14,000 metres alc-ng the same line. 
The instants of arrival of the stjund wa^e at the receivers were 
recorded on an Eintlioven string galvanometer, the time diflerencc 
being considered accurate to ± '002 second. The final result 
for the velor ity of sound in dry still air at Ifi" (1. was given as 
339*8 rnetrcs/sec., as compared with. Regnault's value (obtained in 
1864) of 339*7 inetics/sec. Angercr and Ladenbiirg,t also re¬ 
cording on an Einthoven string galvanometer, measured the time 
interval between firing a charge of powder, which broke a wire in 
the recording circuit, and the arrival of the impulse at a micro¬ 
phone a known distance away. In the immediate vicinity of the 
explosion (where the wave is definitely of large amplitude) the 

• Comptes rendiis, 168, p. 165, Jan. 19i9 ; and I'Ac/Justiqne des Canons 
et des Projectifrs, p. 2.51-. Gautier Villar-, Paris, 1925. 

tzfnn. d. Physik, 66, 5, pp. 29.3-322, Jan. 1922, and Engineering, 113, 
p. 529, April 28, 1922. 
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velocity was found to reach 1150 metres/sec. At greater distances^ 
of the order of 10 km., the mean velocity, reduced to dry air 
at 0® G., was found to be 330*8 ± O'l metre/sec. T. Vautier* 
has measured the velocity of weak explosive sound such as are 
produced by electric sparks or percussion caps of an unloaded 
pistol. He gives a mean value for the velocity of small-amplitude 
waves of 330*57 rnctrcs/sec. at 0° C. The value generally accepted 
for sound-ranging purposes in the British and P’rcnch armies was 
337*16 metres! scl. in dry air, or 337'6 metres/scc. in air of average 
humidity, at 10° C. 

T. C. Hcbb f has rightly pointed out that the accuracy of sound 
velocity measurements over a long base {e.g. of several miles) is 
impaired by uncertainties regarding teinpeiaturc, wind, and 
humidity at dificient points along the base Une. He considers 
that such sources of error, combined with erixns due to peisonal 
equation and different intensities of souice, are stifficient to explain 
the variation between difTerent icsults. do overcome such diffi¬ 
culties, Hebb, at the suggestion of A. Michelson, made a direct 
measurement in ‘free aii’ of tire wave-length of a sound emitted 
from a soume of known frequency. In tliis method, two parabolic 
reflectors Mj and M:; (of jdastcr of Paris, 5 ft. diameter, 15 in. 
focal length) are placed coaxially so that sound waves sefit out 
from the focus of Mi are rollccted at the focus of Ma- At the 
focus of each mirror is placed a tcle])hone transmitter (carbon 
granular microphone), the two transmitters Ti and T 2 being each 
connected in series with a battery and one primary winding of a 
telephone transformer. The latter has two primaries and a 
common secondary winding w'hich connects to a ]>air of telephones. 
In addition to the microphones, a source of sound, a high-pitched 
whistle (2376 p.p.s.), was placed at the focus of Mi. The sound 
heard by the telephones will be the vector sum of the effects at 
Ti and Tg. By varying the distance apart of Mi and M 2 , the 
relative phase of these effects will vary, at certain poi »t5 annulling 
and at intennediate points reinforcing each other. This affords 
a direct method of measuring the wave-length A. of the sound. If 
the mirror M? be moved a hundred w'ave-lengths, and if the 
minima can be located to a tenth of a wave, the vahie of \ thus 
obtained will be accurate to l®/oo- The temperature being known 
at all points between the mirrors and the frequency of the sound 
of the whistle adjusted to that of an accurately calibrated tuning- 

* Comptes rendus, 181, p. lOS.^, Dec. 1925. 

iPhys. Rev., 20, p. 89, 1.905, and 14, p. 74, 1919. See also ‘Velocity 
of Sound in Air,’ R. C. Colwell, A. W. Friend and D. A.* McGaw, 
/, Frank, Int., 225, p. 579, 1938 ; 227, p. 251, 1939, and J. M. A. Lenihan, 
Nature, 162, 656, Oct. 23, 1948. 



254 


VELOCITY OF SMALL-AMPLITUDE WAVES 


forkj the velocity is readily obtained. Hebb gives a mean value 

of velocity 331 "29 ± *04 metre/sec. at 0“ C., as compared with a 
mean for previous reliable determinations of 331'75 metres/sec. 
Assuming the value 1 "405 for the ratio of specific heats y , as deter¬ 
mined by Rontgen, the calculated velocity is 331*80 metres/sec. 

(b) Velocity of Sound in Gases contained in Tubes 

The majority of determinations of the velocity of sound in air or 
in other gases have been made with the gas enclosed in a pipe or 
tube. The reasons for this are sufficiently obvious, for the experi¬ 
ment is not only brought within the limits of a small laboratory, 
but the methods, or at any rate some of them, are applicable in 
the case of gases which are obtainable only in small quantities- 
The tube method also makes it possible to study the effects of 
variations in the factors which influence velocity, such as tempera¬ 
ture, density, a., pressure, and humidity. As we shall see, when 
we have to deal with attenuation in the transmission of sound 
waves {p. 349), the velocity of sound may be considerably modified 
due to the effects of viscosity and heat conduction when the gas is 
contained in a tu!)c. The viscous forces and the heat loss in the 
gas near the walls of the tube tend tc» reduce tlic velocity, the com¬ 
pressions and rarefactions being no longer perfectly adiabatic. 
In a very narrow tube, therefore, the velocity will tend towards 
Newton’s isothermal value \/p)p , Laplace’s adiabatic velocity 

Ypjp being a[)plicable to tubes of large diameler only. H. 
Helmholtz, * and later G. KirchholF, f calculated the change of 
velocity due to these causes. The velocity c' and attenuation 
constant << in a tube of radius a are $ 

c'“cU — and < ^»r'N)^/ac 

where c is the ordinary velocity in a large volume of the gas, N is 
the frequency of the sound, and |/ is a constant knowm as the 
‘kinematic viscosity and heat conduction coefficient,’ which is 
equal to 2*5 iilp {fi being the ordinary ‘static’ viscosity coefficient 
and « the density of the gas (see p. 351). Experimental observa¬ 
tions of the velocity of sound in pipes may be divided into two 
classes, («) those typified by Regnault’s observations, in which a 
direct measurement is made of the time taken for a sound pulse 
{e.g, an explosion wave) to traverse a known length of pipe ; and 
{b) those based on Kundt’s inethcjd in which the gas contained in 

• Crelks Joum., 57, p. 1, 1859. t Pogg, Ann., 134, p. 177, 1868. 

tSee Rayleigh, Sound, 2 , p 319 and pp. 325-326. See also P. S. H. 

Henry, Phys. Soc. Proc., 43, p. 340, 1931 ; G. G. Sherratt and J. H, 

Awbery, Phys. Sac. Proc., 43, p. 242, 1931 ; G. W. C. Kaye and G. C. 

Sherratt, Roy. Soc. Proc., 141, p. 123, 1933. 
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the pipe is set into resonant vibration, the velocity being deter¬ 
mined from observations of wave-length and frequency. 

Direct Method —V. Regnault (1862—3),* using the electrical 
recording method, measured the time taken for the pressure wave 
emanating from a small explosion to travel through the air enclosed 
in tubes of various lengths up to 4900 metres, and diameters vary¬ 
ing between 10 and 110 cins. In the longer tubes intermediate 
receivers were sometimes used, and in all cases a record was made 
of the successive reflected waves from the ends of the tube. He 
found that the velocity increased with the diameter of the tube, 
reaching the ordinary value in very wide tubes. Thus in a tube 
10*8 cm. in diameter c—324‘25 metres/sec., whilst in a tube 
110 cm. diameter c—330'3 metres/scc, at 0° C., in agreement with 
calculation. Regnault also verified in these experiments that the 
velocity is independent of pressure between 247 min. and 12,670 
mm. of mercury. Subsequent analysis of Regnault’s obsert'ations 
by Rink gives a mean value of the velocity, in a large diameter 
pipe (110 cm.), for small-arnplitude wuve^ of 330*5 metres/sec. at 
0° C. Wc shall refer again to these cxiieriments when dealing 
with waves of large amplitude. Further observations of a similar 
nature to those of Regnault were made later by Violle and Vautierf 
(c=331*l metres/sec.) and by the Phys. l>.ch. Reichsanstalt, 
Berlin, 1907 (c—331'92 metres/sec. in dry air at 0"^ G. and free 
from GOo). 

Kundt’s Dust Tube Method %—R cference has already been 
made to this method as a means of observing the motion of air 
in pipes (see p. 188). Its main importance lies, however, in the 
application to the measurement of the velocity of sound in small 
quantities of gas under controlled conditions of temperature, 
presL'ire, purity, etc. In the simplest arrangement the gas 
is contained in a cylindrical glass tube (say 5 cm. diameter and 
about 80 cm. long) containing a sprinkling of fin.;, dry powder 
(lycopodium seed or cork dust), and is thrown into resonant 
vibration by any convenient means, e.g. (1) by the longitudinal 
vibrations of a rod (clamped at the mid-point), one end of which 
is inserted in the tube ; or (2) by similar vibrations set up by 
stroking the glass containing-tube ; or (3) by means of electro¬ 
magnetic, piezo-electric, or other form of vibrator mounted at 

*Comptes rendus, 66, p. 209, 1868. i Phil. Mag., 26, p. 77, 1888. 

t A. Kundt, Pogg. Ann., 127, p. 497, 1866, and 135, pp, 337, 527, 
1868. 
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one end of the tube. At resonance, the dust is thrown into 
vigorous vibration, fonning heaps or discs at equidistant intervak 
along die wave-tube (sec fig. 57, p. 191). The distance apart 
of these discs can be measured with considerable accuracy, and 
is equal to half a wave-length of the sound in the gas contained 
in the tube. The \elocity c—yyyplp=N\~2Ndj where N is the 
frequency, X the wave-length, and d the distance apart of the dust 
heaps in the tube. In order that the experiment shall be successful 
it is necessary that (a) the vibrator (e.g. the end of the rod) at the 
end of the glass tube shall not be seriously damped by touching 
the walls of the tube, (b) the length of the tube shall be adjusted 
accurately for resonance, and (r) the interior of the tube and the 
dust shall be carefully dired—the lube should preferably be 
rotated so that the dust is on the point of slipping. If the 
vibrations are set up by electromagnetic means as from the 
diaphragm of a ‘loud speaker’ or telephone excited from a valve- 
oscillator, the length of the tube may be fixed and the frequency 
of excitation varied until resonance occurs. The experiment is 
capable of a number of variations having important applications : 

(1) Absolute determination of velocity of sound in a gas, the 
frequency N of the sound being found by rect^ised methods 

c="NX (X=>2d'. 

(2) Comparison of velocities of sound in a gas and in a solid 
rod (the longitudinal vibrations of the rod setting the gas in the 
wave-tube into resonance), 

CgM ** NX ga * 2Nd and Crod NX rod 2N1 
(f=*length of rod). 

Therefore dll « Cgas/crod. 

(3) Comparison of velocities of sound in two different gases 

(double-tube method). The same rod is used to excite resonant 
vibrations in two wave-tubes, one at each end. Then if di and 
d 2 are the respective nodal separations in the tubes, and ci and 
C 2 the corresponding velocities, diJ(P=ci/c 2 . 

(4) Determination of the ratio of specific heats -y of a gas. 
The method is the same as in (1), c=:\/yp/p —2Nd, 

whence Y ■■ 4N 

When gases are available in small quantities only (e.g. argem, 
helium, krypton, etc.) this is the only known experimental method 
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of detennining 7 . It is also the most convenient method for the 
determination of y for vapours of volatile liquids. 

(5) Measurements of the variation of velocity with temperature, 
pressure, humidity, or with the nature of the gas. The velocity 
of sound in mixtures of gases and in vapours has been measured 
by this method. 

The value of the velocity determined by Kundt’s tube is, of 
course, subject to the Hehnholtz-Kirchhoff correction for the 
radius of the tube (see p, 254). The correction may be eliminated 
experimentally in the following manner :— 

Writing (see p. 254), the velocity in a tube of 

radius a\ is cx=c{\ — kja\)y and in a tube of radius the velocity 
C 2 =c(l—for the same gas and frequency of excitation. Thus 
on eliminating k, the velocity c in a large volume of gas is given 
by c={a 2 C 2 —«iCi)/(a 2 —The relative values of ci and C 2 
may be found by direct experiment by the double-tube method 
(3) above, enclosing the same kind of gas in tubes of diiTerent 
radii, and using the same source to excite the vibrations. The 
two prongs of a tuning-fork may alternatively be used to excite 
the two tubes. 

By the dust-tube resonance method, Kundt showed for a given 
gas that the velocity increased with the diameter of the tube and 
with the wave-length (as Kirchhoffs correction indicates). He 
showed also that the velocity was independent of the pressure 
and proportional to the square root of Uie absolute temperature. 
Values of the velocities in different gases were also obtained in 
terms of the velocity in air. No tube correction is required in 
this comparison if tubes of equal diameter are employed for the 
gases to be compared. 

Kundt and Warburg * determined the ratio of specific heats 
of mercury-vapour by the double-tube methf)d. One tube 
contained air and the other mercury-vapour at higl. temperature, 
fine quartz dust being used to indicate the nodal points. The 
value of y obtained was 1*66, indicating the monatomic nature 
of the vapour. Rayleigh and Ramsay f determined 7 for argon 
and helium by Kundt’s tube method, obtaining a value of I'fifi 
in each case. Behn and Geiger I have introduced a modification 
of the double-tube method for use in such cases where the gas 
is chemically pure and must necessarily be enclosed. The gas 

*Pogg. Ann., 157, p. 353, 1876. 

tPhil. Trans., 186, p. 187, 1895, and Proc. Roy. Soc., 8, p. 86, 1895. 

t Verh, d. Deus PHys. Ges., 9, p. 657, 1907. 
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is led into a closed wave-tube by a T-piecp at the midpoint, 
which is clamped. The wave-tube is excited into vibration by 
stroking or by electromagnetic means, and Us frequency is tuned 
to that of the enclosed gas by loading the ends. One end is then 
inserted into the air-wave tube for comparison of velocities, the 
vibrations of the closed wave-tube serving to excite both ‘gas’ 
and air columns into resonance. 

The method of excitation of the dust tube employed by 
Andrade and Lower (see p. 189) permits of considerable accuracy 
in the measurement of the antinodal distance (X/2) between the 
‘dust discs’ and of the frequency (N) of resonant vibration—data 
which yield an accurate value of velocity (N X). The method is 
extremely simple in practice, and many interesting phenomena 
relating to the amplitude and direction of vibration of the air 
particles in different parts of the tube are readily observed. 

Kundt’s method of determining the ratio of specific heats of 
gases lends itself to a study of the number of atoms per mole¬ 
cule in gases. Einstein * has suggested tliat it might be applied 
to cases of partial dissociation, e.g. N 2 O 4 2 NO 2 . 

Velocity by Resonant Gas Column—In Kundt’s method 
special means are employed for indicating resonance in a column 
of gas and for measuring the length of the stationary waves set 
up in the tube. In discussing the modes of vibration of a column 
of gas in a wide tube closed at one end (p. 181) it was shown that 
the fundamental frequency N is given by c/4f (-where I is the 
effective length of the tube), and the frequencies of the overtones 
were 3, 5, 7, etc. times that of the fundamental. Consequently 
if N and the effective length I are known the value of c for the 
gas contained in the tube may be detennined. The end correction 
S at the open end of the tube may be eliminated by finding two 
successive lengths, h and I 2 , of the tube which resonate to the 
same frequency N, the difference hetjveen these lengths {I 2 — lx) must 
be equal to half a wave-length of the sound in the tube (see p. 181); 
the successive resonating lengths will be (A/4—S), (3X/4—8), 
(5X/4—S ), and so on, each differing by X/2 from the one on either 
side of it. This provides a useful laboratory method of measuring 
the velocity of sound (c—NX) in air, a tuning-fork of known fre¬ 
quency N being used as the source of sound. The successive 
resonant lengths, adjusted aurally, may be obtained by a gradual 
variation in the height of a water column closing the lower end 
of a vertical tube. D. J. Blaikley f carried out an extensive 


♦ Berlin Ber., 3, 380, 1920. 


fProc. Phys. Soc., 6 , p. 228, 1884-5, 
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series of measurexaents of a similar nature to this. He used a 
tube with'a pear-shaped cavity near the mouth of a cylindrical 
portion which was closed at the other end by a sliding piston. 
The pipe was excited by blowing, and the object of the pear- 
shaped mouth was to render the natural overtones of the pipe 
inharmonic, and therefore would not affect the fundamental 
vibration in any way. The lube was made to ‘speak’ with a 
certain position of the piston, then the latter was moved outwards 
to a second position which gave the same note. Tlie distance 
between the two positions of the piston is equal to X/2. Experi¬ 
menting with tubes of various diameters, Blaikley obtained good 
agreement with the Kirchhoff velocity formula given on p. 25T 
His final value for the velocity of small-amplitude sound Avaves 
in free air at 0“ C. was 331*68 mctres/scc., and the ratio of the 
specific heats 1*4036. G. W. Pierce* has recently used a 
modification of this method as an instrument of precision. His 
apparatus is shown in fig. 72. A brass resonance tube 120 cm. 



Fic. 72 


long and 4 cm. internal diameter, provided with a piston and 
scale, was mounted in a felt-lined box containing also a telephone 
earpiece S and a microphone M as shown. The telephone was 
excited electrically from a tuning-fork of known frequency (995'88 
p.p.s.). The distancc.s between S, M, and the tube Avere so 
adjusted that the sound direct from S to M just neutralised the 
sound from the lube to M when the sound emitted by the lube 
was a maximum. This gave a fiducial point of silence in the middle 
of what would otherwise be a maximiun, thus permitting of very 
accurate setting and measurement of the half wave-length dis¬ 
placements of the piston. The microjjhone M communicated 
through a transformer with a telephone receiver on the head of 
the observer. By means of an electric filter in this circuit the 
fundamental frequency of the sound (995'88 p.p.s.) could be cut 

• Froe, Amer, Acad., 60, p. 284, 1925. See also G. D. West, Journ. 
Sci. Instrs., 6 , p. 254, Aug. 1929. 
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out, and the harmonic 3X995*88 (=2987i*8) ,p.p.s. used instead. 
Pierce found for the velocity of sound in air 331*94 ± 0*07 ra./sec* 
at 0° G., uncorrected for the effects of the tube. 

Velocity of Sound in Gases and Vapours at Different 
Temperatures —The resonance tube methods of determining 
the velocity of sound in gases and vapours have been employed 
by numerous investigators. E. H. Stevens * determined the 
velocity in air and various organic vapours at temperatures 
between 0° and 185° G. A. Kalahne, f using a somewhat different 
arrangement, a telephone diaphragm exciting the tube into 
resonance, worked up to temperatures of 900° C. In both cases 
the velocity was found to vary as the square root of the absolute 
temperature. Dixon, Campbell, and Parker;}: made observations 
of velocity in argon, nitrogen, CO 2 , and methane at temperatures 
from 0° to 1000° C., w'hilst S. R. Cook § measured the velocity 
in oxygen and air at various temperatures down to —183° C. 
(see following table in which velocities are expressed in metres 
per second). 



1 

0” C 

300" 

600°, 

1000'. 

Observer. 

\ 

I 

Argon 1 308*5 

CO 2 . 1 258'3 

Methane i 429*2 
Nitrogen 1 337" 5 

446-5 

369*3 

587-3 

487*2 

551*1 

450-9 

709*2 

599-4 

665-5 

572*5 

720*6 

Dixon, Comp- 
bell, and 
Parker. 


+21° C. 

—28*4°, 

-66*5*. 

— 137 - 5 °. 

210-1 

—183“. 


Oxygen . 

328-5 

i 

282'4 

264*3 

173*9 

S. R. Cook. 


Cook’s observations indicate a fall of velocity with temperature 
scMnewhat greater than theory predicts on the assumption of con¬ 
stant density and ratio of specific heats. 

Measurements of the velocity in water vapour by various 
observers Jj give values increasing from 401 metres/sec. at 0° G. 
to 424 meires/scc. at 130° C. 

• Ann. d. Phys., 7, p. 285, 1902. 

t Ann. d. Fhys., 11, p. 225, 1903, and 20, p. 398, 1906. 

tProc,. Roy, Soc., 100, p. 1, 1921. 

S Phys. Rev., 23, p, 212, 1906. 

11W. Jaeger, iPiea. Ann., 36, p. 165, 1889 ; W. Trietz, Dissert, Bonn.,. 
1903 ; and A Lechner, Wiener. Ber., 118, p. 1035, 1909. 
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(B) Velocity of Sound in Liquids 

The relation c=\/ ^/p for the velocity of sound in gases is 
equally applicable to liquids in bulk. Strictly speaking, we must 
also use tlie adiabatic coefficient of volume elasticity y/f, not the 
isothermal value found by static measurements. It is true that 
in certain cases the difference between isothennal and adiabatic 
volume elasticity is small, thus for water at 8° C. y = l'001, 
affecting the velocity only 1 part in 2000, but in others, e.g, ethyl 
ether at 18“ C. 7“r32, it may become very important. In the 
case of sea-water (S.'jVoo salinity) V varies from 1*0004 at 
0“ C. to r0207 at 30“ G. ; and for the same water at 0° 
G. the ratio increases from 1*0009 at 100 bars pressure to 
1’0126 at 1000 bars (1 bar=i0‘987 atmosphere).* For accu¬ 
rate calculation of velocity, therefore, it is necessary to know 
y the ratio of specific heats. It is shown in textbooks of 
thennodynamics f that 

- ^ _ 

where <—coefficient <jf cubical expansion, 
gff— ,, „ isothermal elasticity, 

V—volume of unit mass, 

T—absolute temperature, 

Cp~specitic heat at constant pressure (expressed in ergs). 
The velocity of sound in a lic[uid is thereforti given by c~\/ 7/f^/p 
where y has the above value. 

(a) Liquids in Water, cither fresh or salt, is the only 

liquid which permits of direct measurements of velocity over 
appreciable distances. The first recorded observations in this 
medium are those of Golladon and Stiiim J wdio made a direct 
measurement of the velocity of sound in. Lake Geneva. A sub¬ 
merged bell was struck by a Itammer which simultaneously 
‘flashed’ a quantity of powder, thereby indicating to an observer 
at the other side of the lake the instant of striking the bell. A 
‘quarter-second’ stopwatch was used to measure the time-intei'val 
between the flash and the arrival of the sound signal. Gonsider- 

* See D. J. Mathews, ‘Physical Oceanography,' Dictionary of Applied- 
Physics, 3, pp. 665-692 ; and Tables of Velocity of Sound in Pure fTfttdr 
and in Sea Water for use in Echo-Sounding and Sound-Ranging, Hydro¬ 
graphic Dept., Admiralty, II. M. Stationery Office Publication, 1927. 
t See, e.g., Poynting and Thomson’s Ilmt, p. 289 
t Ann. d, Chim. cP Phys., 36, pp. 113 and 225, 1827. 



262 VELOCITY OF SMALL-AMPLITUDE WAVES 


ing the circumstances of the experiment, the final value of the 
velocity, 1435 metres/sec. at 8'1* G., is in surprisingly good agree¬ 
ment with the calculated value 1436*4 metres/sec. 

Practically all recent detenninations of the velocity of sound 
in water in bulk have been made by firing explosive charges in the 
sea. These determinations were rendered imperative by the 
rapid progress in methods of measurement of depths and distances 
in the sea by means of sound signals. With such objects in view 
experiments were organised by the French, British, and American 
navies. The German hydrographic department also studied the 
theoretical aspect of sound velocity in sea-water with special 
reference to depth sounding.* The theoretical values of velocity 
in sea-water at different temperatures, salinities, and pressures 
(depths) have been calculated by D. J. Mathews {hoc. cit.) using 
Knudson’s values of salinity and density and Ekman’sf values of 
elasticity. As will be seen, these calculated values are in good 
agreement with direct experimental determinations. 

In 1919 M. Marti $ made a cateful determination of velocity in 
the sea in Cherbourg roadstead at a depth of 13 metres. Three 
accurately surveyed hydrophones (microphones on diaphragms) 
were laid on a straight line at intervals of 900 metres approxi¬ 
mately. The sound wave was produced by an explosion of a 
charge of dry guncotton on an extension of the line of hydro¬ 
phones, first on one side then on the other, aboiit 1200 metres from 
the nearest hydrophone. The f)assage of the explos'on wave over 
the microphones was recorded automatically on a smoked drum 
chronograph, a tuning-fork of frequency 500 p.p.s. traced a ‘time 
mark’ alongside the explosion records. The mean value of the 
velocity reduced to a temperature of 15° C. in sea-water of density 
r026 at a pressure of one atmosphere, was found to be 1504*15 
metres/sec. The agreement with the value calculated by Mathews 
1500'9 is not so good. 

During the years 1920-22 an extensive series of velocity 
measurements in the sea was made at St Margaret’s at Gliffe, 
Dover, for the British Admiralty by the writer and H. E. Browne, 
assisted in the later stages by G. Cochrane. § Four microphone 

• H. Maurer, Ann. d. Hydrogr., 52, p. 75, 1924 ; and A. Schumacker, 
52, p. 780, 1924. See also F. Aigner, Unterwasserschcdltechnik, Berlin, 
1922 ; and Special Publication No. 4 (March 1925) of International Hydro 
graphic Bureau, Monaco. 

t Public, des Circanstartces de Conseil Pemianent pour PExptoraHon de 
la Met, No. 43, t Annales Hydrogrophiques, 1919-1920. 

%Proc. Roy. Soc., 103, p. 284, 1923. 
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receivers (hydrophones) were laid at intervals of about 4 miles, 
on a line approximately N. and S., to the eastward of the Ckjodwin 
Sands. The positions of these hydrophones were accurately 
surveyed, from Ordnance Survey points in Kent, by the Hydro- 
graphical Department of the Admiralty, the positions being known 
to ± 7 ft., i.e. 1 in 10,000 of the total base line. The time intervals 
of passage of the explosion wave between the various pairs of 
hydrophones were recorded on a film by a six-stringed Einthoven 
galvanometer with photographic recorder.* The four hydro¬ 
phones were connected by cables to the corresponding galvano¬ 
meter strings, whilst a fifth string was operated (through a micro¬ 
phone circuit) by the half-second ticks of a chronometer whose 
daily rate was accurately known by comparison with Eiffel Tower 
W/T time-signals. The sixth string of the galvanometer was used 
to record a ‘wireless’ signal sent from a destroyer at the instant 
of firing a charge. The film was traversed every tenth and 
hundredth of a second by the time marks of a phonic motor con¬ 
trolled by a tuning-fork, these time marks being chocked by the 
ticks of the accurate chronometer. Time-intervals could be 
estimated to + 001 second, which represents a high degree of 

accuracy when it is considered that the sound wave look about 
fourteen seconds to traverse the whole base line. The final 
accuracy, however, depends on a knowledge of the sea conditions. 
During the velocity measurements, continuous observation of sea 
temperatures and salinities were made from the destroyer and at 
the Nortli and East Goodwin Lightshijrs, using deep-sea reversing 
thermometers (with N.P.L. calibrations). An electrical recording 
thermometer laid near the base line gave a continuous record of 
sea temperature. A correction was at first applied to measured 
velocities on account of tidal flow (of the order 1 or 2 ft./sec.), but 
later experiments were made at neap tide slack water, when the 
tidal stream ceases to flow for upwards of an hour, and no tidal 
correction is required. Preliminary observations si ow’ed that 
there was no difference in velocity \vhen the explosive charge was 
increased from 2y^ to 300 lb.—the distance of the charge from the 
nearest hydrophone being about twelve miles. No certain varia¬ 
tion of velocity with depth of charge, 10 to 108 ft., could be 
detected. A considerable number of observations of velocity 
were made by the Radio-acmistic Method (see p. 524), i.e, the 
time-interval was measured between the instant of firing the charge, 
indicated by the wireless signal, and the arrival of the sound at the 

* A standard pattern made by the Cambridge Scientific Instr. Co. 
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hydrophones. On account of slight uncertainties (such as the 
position of the charge, the exact moment of firing, the tempera¬ 
ture and salinity of the sea at points off the base line) these results 
were not relied on in estimating the velocity (although they agreed 
within a few feet per second with the more accurate measurements). 

In the more accurate method, 
. H 4 how'ever, a serious error may 

/ / I, arise if the position of the 

X,/ charge is uncertain in an east 

II I and west direction (the base line 

*L I running north and south), the 

I 1 H, ‘effective’ length d' of the base 

I j line then being less {=d cos $) 

. I / than the actual length d. To 

// eliminate this error a new method, 

1/ known as the * Multiple-charge 

^ Method/ was devised. In this 

^ 2 3 4 b 6 7 8 9 To method about ten small charges 

Charge /to i'n M 0/firing) 2, 3, CtC., WCIC fired, at 

*^^^ 73 approximately equal intervals of 




C/iarge /to f'n order of firing) 
FiC. 73 


time and distance, along a line at right angles to an extension 
of the base line of hydrophones, H], Ha, etc. (see fig. 
73). It will be evident that the recorded time-intej-val between 
a pair of hydrophones will be a maximum for that charge which 
is nearest ‘in line.’ On either 
side of the base line the effee- 

tive distance and consequently the -^- 

recorded time-interval will be -wo-p -- 

less. ^ i *ni}0 - 1 I I k_ 

results of such a series of actual (Hydrophonea^i’^i) Y 


(Hydrophonea^i’^i) j 

observ-adons are shown in fig. 

74, where the maximum time- (corrected) T'n V 

interval t n,j,x is clearly shown near t'"] "T 

charge No. 5. In this particular i ' l l a 1 1 I S 

case the distance apart of the ctiarge t/o (m order of firing) 

hydrophones was 70,245 ± 7 ft. Fic. 74 

and =14'176 ± i*001 sec., whence c=4955*4 ±1 ft./sec., the 
mean temperature and salinity on the base line being 16'95® G. 
and 35*027 00 respectively. 


I 2 3 4 6 e 7 8 B 10 t1 t3 
Charge tto (in order of firing) 

Fig. 74 


Experiments by this method at different seasons of the year 
gave the relation between velocity and temperature. Comparative 
measurements of velocity in Gareloch (Clyde) and at Dover indi- 
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cated a salinity coefficient of velocity of -f-3^*73 ft./sec. per l®/oo 
increase of salinity. The results of the complete investigatit)n are 
summarised in the following expre.ssion for veioi ity— 

A—4626-f 13’8f—0T2?-4-3-73 S feet/sec. 


or 


C“1410-|-4*21/.-0'037r“f 1-14 S inolres/sec., 


where t is the temperature “C. (within the lange h'' to C.) and 
S is the salinity in paits per thousand {f.g. 3r)"/oo at Dover), The 
obiserved values of velocity indicate a value -y —1*009-1 + O'0005 for 
the ratio of specific heats of sea-water, of 35Voo salinity at 17° C., 
as compared with t- —1*0090 calculated from thermodynamic data. 

Measurements of vekxrity in the sea by the radio-acoustic 
method have also b(.*en made by Ih B. Stephenson,* who obtained 
a value 1453’3 i 2 meties/sci. at 0^5" C and S---3'V5‘yoo, as a 
mean of four observations. Similai mensnicmcnts have been made 
by E. A. Eckhardt.f For the reasons given above, however, it is 
considered that velocity measurements made ovei long distances 
by this method are open to seiious criticism. 

A question of some importance in oceanic depth-sounding by 
echo methods (see p. 511) relates to the variation of velocity with 
depth. In certain oceans, for example the North Atlantic, depths 
exceeding 4000 fathoms (about 4^ miles) arc sometimes en¬ 
countered. The pressure near the bottom in such cases becomes 
very great. The elasticity and density of the water vary w'ith 
pressure and consequently with depth, the elasticity increasing 
more rapidly than ihe density with increasing pressure. Values 
of elasticity, density, and velocity have been calculated by D. J. 
Mathew'sJ at depths from 0 to 30,000 ft. (5000 fathoms), at which 
depth the pressure reaches 1000 atmospheres (approx. 67 tons/ 
sq. in.), and the velocity has increased by about 160 metrcs/sec. 
above the ‘surfare’ value. Heck and Servicc§ have alsv published 
a list of tables giving velocity in terras of pressure and depth. 
In the same paper they describe an experimental investigation in 
U.S.S. Guide to determine the variation of velocity with depth 
by means of an echo method, using the ‘Sonic depth finder’ 
developed by H. C. Hayes. j| The ship, equipped also with 

? Ffty-s. Rev., p 181, Feb. 192.S. 1 PA>.s. Ru .. 24, p. 4.S2. 1924 

XLoc. cit. See also Ekman {Pub, de Circ.. No. 19) Maurer and 
Scimmacker, Ann. d. Hydr,, pp, 86 and 93, 1924. 

51I.S. Coast and Geodetic Survey, PubbciUion No. 108. 1924. 

II Jcurti. of Frank. Inst., 197, p. 323, 1924. 

18 
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Standard apparatus for taking ‘wire’ soundings, temperatures, 
water samples, etc., cruised in the North Atlantic Ocean, the 
Caribbean Sea, and the Pacific Ocean, measurements of velocity 
being made in depths from a few fathoms to 4500 fathoms. The 
‘sonic’ apparatus measured the time-interval for a sound impulse 
to travel from the surface to the bottom and back again, it being 
assumed that the echo returned from a point vertically below the 
ship (the accuracy of this assumption depending on the slope of 
the bottom). The results are rendered very uncertain due to (1) 
the unreliability of ‘wire’ soundings at great depths on account 
of the drift of the ship, and (2) to the weakness of the echoes at 
such depths. Considering the difficult nature of the observations, 
the agreement between observed and calculated veUxnties was 
fairly good. 

(b) Liquids in Tubes —In discussing the production of stationary 
waves in air or gas-filled tubes, it was assumed that the walls of 
the tube were rigid. The same theory would apply also to liquid- 
filled tubes, were it not for the fact that the assumption regarding 
the walls of the containing tube is no longer valid. At the same 
frequency and intensity, the displacement-amplitude of a sound 
wave in air is 60 times greater than in water, the pressure amplitude 
being correspondingly less. If stationary waves are formed in a 
thin-walled tube filled with a liquid such as water, the pressure 
variations at the nodes may be very great and the tube will yield 
radially at those points, causing the pressure to drop. The 
actual pressure-fluctuation at the nodes in the liquid will tlierefore 
be less than in the case of a rigid lube. 

If f( is the bulk modulus of elasticity of the liquid contained in 
a cylindrical tube of mean radius a, thickness of wall h, and 
Young’s modulus E, then the apparent bulk modulus k' of the 
liquid, allowing for yielding of the tube walls is given by 
K—K /(l+2aK//iE). The velocity of sound ct in the liquid in 
the tube, relative to the rigid wall velocity cq is therefore given by 

(l-f*2a/f/AE) 4 (see also p, 184). 

A simple method of measuring the velocity in a liquid-filled 
tube has been in use by the writer for some years. This is 
illustrated in fig. 74 a. A vertical steel tube is closed at its lower 
end by a thin rubber membrane. Contact on the underside of this 
is made by the wetted face of a small magnetostriction or piezo¬ 
electric transducer. The tube is filled with the liquid under 
consideration, e.g. water, and excited into vibration at the required 
frequency and amplitude. A small piezo-electric pick-up 
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(Rochelle salt or A,D.P.) is attached by soft wax near the lower end 
of the tube as shown. A thin steel or glass rod, carrying at its 
lower end a sound-rellecting disc of cork or rubber mousse, can 
slide up or down the tube. The vibrations picked up by the 
small p.e. crystal are amplified and applied to a G.R.O. The 
amplitude and phase of the vibrations of the pick-up are 
the resultant of the direct sound from the M. S. transmitter and 




Fig. 74A 


the sound reflected from the cork ‘air’ reflector. As the latter is 
raised from the bottom to the top of the lube, the received signal 
passes through a succession of maxima and minima which give 
a measure of the wavelength of the sound. Fig.* (b) is a record 
made in this way using a steel tube If in. ext. and in. int. 
diameter filled with water. The record shown gives a value of 
c, =1*39X10® cm./sec. Apjjlying the tube correction co/Cf = 1’07 
for this case, the value of co is T49X10*^ cm./sec. In fig. (c) the 
tube was filled with an attenuating suspension of finely powdered 

• The velocity of »;und in suspensions in water is considered on 
pp. 360 A and B. 
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solid particles in water.* It w'ill be seen that in this case the 
stationary waves reveal the attenuation, the maxima decreasing 
and minima increasing as the reflector ascends the tube. A 
somewhat similar case is shown in fig. (d), in which water fills a 
lube of plastic material (perspex). The attenuation show'n in 
this case is due to loss in the wall of the tube, [Note ,—The 
records are not to the same scale.] 

PIiuac and Group Velocity. Modes 

At this point it seems appiopiiate to refer to the more general 
features rclatjng to the propagation of sound in media which 
have finite boundaries, e.g. in the cases of a fluid bounded by the 
solid walls of a tube or by e.xtended plane suilaces. Such cases 
have been dealt with in a simplified form, but it is important 
to realise that departures from the simple theory occur. Thus in 
the case of propagation of sound waves in a gas or a liquid con¬ 
tained in a tube, v\'hon the diameter is large compared with a 
wavelength of the sound, the instantaneous pha.se of vibration of 
particles in any cross section of the lube may vary and modes of 
vibration of the fluid column may be set up which do not conform 
to the simple plane wave theory previously discussed. In othen 
words, ‘modes’ of vibration can occur which depend on the 
interference between waves travelling in difl'erent directions in 
the confined space of the lube. Consideialiens of this nature 
bring us at once to distinguish bet^veen ‘phase’ and ‘group’ 
velocity. H. Lamb* has pointed out that the velocity of a group 
of waves is dependent on the wavelength in tlie case of propagation 
of deep water waves, the velocity of the group being always less 
than the velocity of the individual waves composing it. “If 
attention be fixed on a particular wave it is seen to advance 
through the group, gradually dying out as it approaches the front 
whilst its former position in the group is occupied in succession 
by other waves which have come forward from the rear. In 
terms of wave length the group velocity 

dc 

CiJ = c - ^ 

d\ 

a result which holds for any case of weaves travelling through a 
uniform medium.” 

Take the case of a sound w-ave travelling between two parallel 
rigid planes AA'B and A, il, B' (see fig. 74b) in the direction of 
the X axis. 


* Hydrodynamics, p. 381 (1895 edition). 
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The phase velocity, or rate of proi^agation of phase, along OX is 

, c~Ah/t^c/sin 6 

whcie ( is the ‘ray’ or ‘free field’ 
velocity. The ^roup velocity, or 
_X rale of propagation of the disturb¬ 
ance. along OX is 

Ih h'/l—( sin 6. 

"1 he phase velocity is always greater than the ‘free field’ velocity c 
and the group velocity is ah'-ays 
less than c. I'he product of fjhasc 
and group veloc'ilies ' 

c~. Both pliasc and group velo¬ 
cities are dependent on &, that is, 
on the [rarticular mode being 
piojragatcrl. In a [virallel (iianucl 
between two iidinite planes as 
shown in fig. 7-lc, oiily those 
ukkIcs .'ire propagated in which 
d cos 0~m\/2 where d is the 
dt:])th of the channel and ni is an 
integer. This dcfincb the various 
inode angles 0-^,, etc., and 
conscfjuently the corresponding 
phase and group velocities. 

The uni- and bi-directional pro¬ 
pagation of sound in water 
contained in tubes and shallow 
troughs lias been investigated by 
K. Tanirn.^' He nieasuied (diase 
and grort[) velocities, damping 
and cross-section distributicn of 
amplitude and jihase—the ex- 
pcriinental results agreeing well 
with theory. W. (liith and 
M. L. Kxnerf have made phase 
(conliiiuous wave) and grou[) 

(pulse) measurernerils in a water- 
filled, pressure-release trough. 

Similar measurements made by 
the writer, using a pressure- 
release water trough 6 in. by 6 in. 
rapid incre;ase of phase velocity as 
* Dhim., Techn. Hochschule, Berlin. 1940. 




Fro. 74c 


by 4 
the 


ft., show the 
lower critical 

■J' Unpublished. 
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fretjucncy (6'6 kcysec.^ is apjDroached. The stationary wave 

pattern in the trough is shown in fig. 74c over a range of 
frequencies. W. J. Jacobi* has dealt theoretically and experi¬ 
mentally wuth the problem of ‘guided’ sound transmission in circular 
cylinders containing liquid. 

(C) Velocity of Sound in Solids 

I'he transmission of waves through fluids is relatively simple. 
Apart from surface waves, depending on surface tension ^ and 
gravitational forccsf (velocity of ripples =:\/2irs/p\ and of 
gravity waves —\/g\/27r), only longitudinal waves need be con- 
.sidered in fluid media. A perfect fluid will not transmit shearing 
forces, so that transverse waves are not possible. In solids, how¬ 
ever, which readily transmit both compressional and shearing 
forces, longitudinal, torsional, and transverse waves may be set 
up. We have already referred to the more important cases, viz. : 

(1) Transverse waves in wires, c—y/T/m, in which the elastic 
properties of the material may be disregarded (see p. 89). 

1 Pj 

(2) Transveise waves in bars, - -vj - (see p. 113), the 

velocity depending on wavelength as well as on the elasticity E 
(Young’s modulus) and the density p of the material. 

(3) Longitudinal waves in wires and bars, (seep. 142). 

(4) Torsional vibrations in wires or bars, c=.\/ u/p (see p. 160). 
In all these cases the solid is restricted in, certain dimensions, e.g, 
the diameter relative to the length. 

Any local disturbance in an unlimited solid medium breaks 
up into two types of wave, which ultimately assume transverse 
and longitudinal characters. The longitudinal or ‘dilatational’ 
wave, in which the displacement is wholly in the direction of propa¬ 
gation, has a velocity c—sj (^ ^/)/p or I - o-)E/( I - o- - Scr* pj 

where k is the volume elasticity, fi the rigidity, E Young’s modulus, 
and (T Poisson’s ratio. In the second type, the tran.sverse or 
‘distortional’ wave, the displacement is evcry'where at right angles 
to the direction of propagation and the velocity becomes c~y/ ft/p 
It was painted out in dealing with the longitudinal vibrations of a 
bar that transverse motion also takes place, this motion becoming 
more and more important as the cross-section of the bar increases 


♦ /, Ac. Soc. Amer., 21, 120, 1940. See also W. Kuhl and K. Tamm, 
Acustica, 3, 303, 1953 ; E.A.G. Shaw, /. Ac. Soc. Amer., 25, p. 224 and 
231, 1953. t Rayleigh, Sound, 2, p. 344. 
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relatively to the length. The vibrations of a limited solid may 
therefore become very complex. Even in an extended solid the 
circumstances of wave-propagation may be seriously modified by 
the existence of a free surface. This is exemplified in the case of 
earthquake disturbances. Seismograph records at considerable 
distances from the source or ‘focus’ indicate three distinct sets of 
waves, (1) preliminary tremors, dilatational waves, which travel 
direct through the earth from source to recorder with a velocity 
about 10 km./sec., (2) dislortional waves, also direct, with a 
velocity about 6 km./sec., and (3) large-amplitude waves, known 
as ‘Rayleigh waves,’ which Rayleigh (1885) ascribed to surface 
waves, analogous to large water waves, jjenetraling only to a small 
depth and propagated by elastic forces in the earth’s crust. On 
account of the longer, circumferential, path of the Rayleigh waves 
they are delayed, relatively to type.s (1) and (2), more than in 
proportion to the w'ave-velocities. Love* has attempted to deduce 
the volume-elasticity k and rigidity nt the interior of the earth 
from the various wave-velocities indicated in seismograph records. 

Apart from such records, ('xpcriincntal information relating to 
the velcxdty of transmission of sound waves in extended solids is 
very scanty. This is, of course, mainly due to the fact that the 
only available solid of very large bulk is the earth’s crust, which 
consists of a heterogeneous mixture of minerals having different 
values of elasticity and density. Recently the velocity of sound in 
strata of difTeicnt compositions (mineral ore, 600 inctves/sec. ; soft 
earth, 300 met res/sec.) has been determined, and applied to the 
location of mineral strata by echo rncthodsf (see p. 520). 

A direct detennination of the veUx'iiy of sound in a long 
solid bar, or in a tube, was made by Biot. A bell mounted 
at the end of a long chain of cast-iron pipes (950 metres) 
was struck with a hammer. At the other end of tlie pipe two 
sounds were received : the first via the iron, the scco id via the 
air in the pipe. 'Fhe time interval i between these two sounds 
gives a measure of the velocity of sound in iron in terms of the 
known velocity in air . Thus, if I is the length of the pipes, 
Oi=-tca/{l —The value thus obtained for cast iron was 3500 
metres/sec. Provided the diameter of a bar or wire is small com¬ 
pared with its length, the velocity of longitudinal waves in 

it may be determined most simply by observing its fundamental 

* Hil. Trans. A, 207, p. 215. 1908. 

t See Berger, SchalUrehnik, p. 87, 1926. 




270 


VELOCITY OF SMALL-AMPLITUDE WAVES 


Frequency N of longitudinal vibration. The various methods of 
exciting such vibrations have already been dealt with on p. 138 
et seq. At audible frequencies, the most desirable point of clamp¬ 
ing the bar is at the middle (see Case II, p. 142) when the restrain¬ 
ing action of the clamp has a negligible influence on the frequency 
of vibialion. When the bar sounds its fundamental note, the 
frequency, which may be detcnnined directly by means of a siren 
or a calibrated monochord, is given by N~c/2/, where / is the 
length of the bar and r(rr\/E/^> ) is the longitudinal wave-velocity 
required. When the bar is used to excite an air column into 
resonant vibration, as in Kundt's tube expeiimeui (see p. 256), the 
veltx’ity c compared diiectly with the velocity <r„ir of 

loncritudinal waves in aij. In this case 

V / 

C jc =“/ // 

hiti' Hir li.ii' 

where 1,,, refes to the. half wave-length separation of the dust 
heaps in the lube. 

The Jiiethod is often u.sed, alternatively, to determine Young’s 
modulus K for a bar of known density. Ihe .simple relation 
N::=. r/2/ for the, fie(]uency of longitudinal oscillation is only ac¬ 
curate when the ratio of length to diameter is large. The correc¬ 
tion to be applied when the bar is ‘thick’ is given by Rayleigh,* 
w'ho shows that the effect of the inertia of the lateral motion in 
such a bar is to decrease the natural frequency in the ratio 

where k is an integer (unity for the fundamental mode), o is 
Poisson’s ratio, r is the radius and I the length of the bar (see also 
p. 279, «, b, etc.'). If the bar is obtainable only in a short length, 
its frequency may be so high that it is not possible to estimate 
its pitch or it may be above the audible limit. In such cases it 
may be possible to determine the longitudinal frequency by 
‘resonating’ the bar by means of an electromagnet .supplied with 
high frequency current of known, variable, frequency from a valve 
oscillator. When this method cannot be applied, it may be 
convenient to use Kundt’s tube to measure the equivalent wave¬ 
length of the sound in air and consequently the frequency N (the 
velocity of sound in air being assumed). The velocities of sound in 
wax and other soft solids, which arc not easily excited into resonance 
by recognised methods, were determined by Stefan.f He 

* Sound, 1, p. 2Sl. See als) R. ,|. Lang, Roy. Soc. Canada Trans,, 16* 
S, p. 163, 1922 : and R. W. Boyle and D. O. .Sprotilo, Canadian /. of Res., 
5, p, 601, 1931 t See also E. Irons, J. Sci. lasts., 7, p. 323, 1930. 
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ceniented the ‘soft’ bar on the end of a resonant rnctal bar in which 
the velocity was known. This resonant bar was used to excite 
vibrations in the soft bar, the velocity being deduced by a some¬ 
what involved calculation. In wax at 17° C. Stefan obtained 
c^SOO metres/sec., —40 rnetres/sec. per 1° G. rise of temperature. 
Warburg determined the velocities of sound in soft materials 
(stearine, wax, paraffin, tallow) by coujjling a bar of the material 
with a bar of glass and setting the combination into tranwerse 
vibration. The nodal distances were obtained by means of sand, 
whence the longitudinal velocities could be calculated (see p, 116). 
Warburg’s value for the velocity in wax, 880 inetres/sec. at 
16° C., agreed fairly w'ell with Stelan’s estimate, lierbolsheirner'* 
has detennined the velocity of a pressure-pulse in gelatine in 
bulk and in. the form of strips or bars. The velocities in gelatine 
strips (containing varying ijercentages of gelatine and sugar in a 
solution of glycerine and watervaried between r)'90 and 10*80 
metres'per second, the velwity increasing slowly with time. For 
gelatiiu iv bulk, however, the velocities were found to approximate 
to 1600 metres/see., iy. in the neighbourhood of the velocity of 
sound in water. Kellog, measuring the elasticity E and velocity 
of sound in indiarublx'r, found that E varied from 2*7X10'’^ at 
0*1 p p.s. to 6**1 X10^ at 200 to 600 p.p.s., corresponding to 
velocities of .52 and 80 metres/sec. respectively. 

In tliis connection it is interesting to observe that the ratio of 
longitudinal wave-velocities for solids in bulk co and in the form 
of 3 bar Cl is given by 


Cl '( I-cr-2cr®,'P' - (T 


(see p. 268), 


where or is Poisson’s ratio, 'laking rr“0'49 ior indiarubber, 
co/i'i “17. If rr were equal to O'5 the ratio would be infinite, that 
is, the loMgituciina) wave would spread infinitely ra fidly. Herbol- 
sheirner’s ebserv/ations with gelatine strips and in bulk therefore 
indicate a value of tr approximately 0*5. lor a substance like 
cork. cr-rrO approximately, whence the longitudinal wave-velocity 
in a rod will be the .same as in birlk. 

An interesting method of studying sound-transmission through 
soft (or pla.stic) materials, such as rubber, has been developed by 
E. Meyerf and his research staff. Longitudinal w'aves in the 


• Zeits. /. Physik, 3, p. 182, 1920. 

t E. M^ytT & W. Kulil, Phys. Soc, Ar. Group Symposium, p. 181, 1949. 
See alsiji ‘Sound Absorption and Sound Absorbers ni Water/ p. 181. 
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frequency range 10 to 100 kc./sec. are transmitted into the upper 
end of a rubber strip or ‘rod’ (about 1 cm.^) hanging vertically 
with its lower end immersed in a vessel of water. The latter 
contains also a small piezo-elcctric ‘pick-up’ microphone connected 
through an ainplitier to a cathode ray oscillograph or to a log¬ 
arithmic level ix'corder as required. The rubber rod can be 
raised out of or lowered into the water and the signal received by 
the microphone (which measures the sound amplitude in the 
rubber at the water surface) is recorded as a function of the length 
of rubber lictween the upper end and the water surface. The 
total length of the rubber strip is sufficiently great (6 or 8 inches) 
to ensure that the vibrations arc completely absorbed in it before 
reaching the low^er end—thus ensuring that the sound is progressive 
and that no stationai 7 w’aves are formed by reflection. As the 
rubber strip is raised out of the w'ater the log. level recorder 
indicates a straight line, the slope of which, db./cm., is a measure 
of the attemaation in the strip. To measure the wavelength, and 
hence the vel<x:ity, of the sound in the rubber an additional 
e.m.f., picked up from the transmitter circuit, is supeiposed on the 
e.m.f. from the microphone. As the rubl>er strip is raised, 
maxinia and minima arc observed on the C.R.O., the distance 
between two minima (or two maxima) being a measure of the 
wavelength of the longitudinal waves in the strip. Automatic 
adjustment of the amplitude of the injected e.m.f. is made to 
compensate for loss of amplitude in the pick-up microphone as 
the nibber strip is withdrawn from the water. In a particular 
test of this kind at a frequency of 10 kc./sec. the v/avelcnglh was 
found to be 2*155 cm. whence the longitudinal velocity in the 
nibber ‘rod’ is 182‘5 m./sec. The attenuation in this case was 
8’5 db./cm. ft is, of course, important in such experiments to keep 
the temperature constant. 

J. de Klerk* has made the interesting observation that the velocity 
and attenuation of H.F. waves in rods of ferromagnetic (magnelo- 
fitrictive) material arc modified by the aj^plication of an external 
magnetic field. The attenuation decreases with increase of field. 

E. C. Bullardf in a discourse at the Physical Society’s 1953 
Exhibition outlined work on the propagation of explosion waves 
in the earth underlying the ocean. There the rocks are not only 
hidden beneath several miles of water but are usually covered with 
several thousand feet of sediments. In deep water the explosive 

* Nature, ]68, 963, Dec. I, 1951. 

Nature, p. 813, May 9, 1953. 
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charge and hydrophones are suspended at a depth of several 
hundred feet from the surface, the hydrophones being hung 

beneath buoys fitted with radio-transmitters. Records have been 
obtained up to distances of 80 miles using only a few hundred 
pounds of explcjsive. The results show that the discontinuity 
which occurs at about 35 km. under the continents, and represents 
the base of the earth’s crust, is only about 5 km. below the floor 
of the oceans. From the measurements of velocity in the various 
layers beneath the ocean the 5 km. layer of rock underlying the 
sediments is supposed to be basalt in which the velocity is 6*5 
km./sec., whereas the deeper-lying basic rock which has a higher 
velocity of sound, 8' I km./sec., is probably olivine. Such 

results as these have, of course, an important significance in 
geological theory. 

A study of the propagation of vibrations of definite frequency 
and amplitude in the range 300-1000 c.p.s. in the surface layers 
of the earth’s crust has been made by F. F. Evison.* Experiments 
were made in mines with a powerful moving coil transducer 
firmly attached to a rock layer. Signals were* sent out either 
continuously or in pulses. In thalk, time-distance relations were 
eJatained which agreed well with known local geolog)^ Attenua¬ 
tion in the chalk at a frequency of 600 c.p.s. was found to be 

1 ‘5 db. per 100 feet and the velocity of the compressional waves 

7660 ft./scc, ; and I 'S db. per 100 feet and velocity 4080 ft./sec. 
for the shear waves. Oscillograms showed the complex dis¬ 
turbances produced by the arrival of direct and reflected energy 
at distances up to 450 feet, the limit of the mine. About one-sixth 
of the radiated power went into the compressional mode, and the 
remaining five-sixths into the shear wav^e. 

Velocity in Crystalline Solids—The elasticity and wave 
velocity in crystals varies along diffeient axes. 'Fhis is important 
in the case cT quartz which is extensively used as a hig i frequency 
standard. P. W. Bridgeman,t A. de Gramcnt and D. BeretzkiJ 
have measured the elasticity and wave velocity in quartz rods cut 
in different directions with respet^t to llie optic axis, the velocity 
varying between 5000 and 6000 metres/sec. accoiding to direction. 
Schaefer and Bergmann have studied by optical diffraction 

* Ptoc. Phys, Soc., 64, 31i, 1951 ; .Sf.N., Roy Astron. Soc, Geophys. 
Suppl., 6, 209, 1951, and N.ZJ. of Sc. and Techn. B., 35, 4, 1953. 

f Proc. Amer. Acad., 58, p. J63, 1923. Sec also R. B. Sosman. Properties 
of Silica (Chem. Catalogue Co. Inc., li.S.A.), 

XComptes rtndus, 199, p. 1273, 1934. 
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methods (sec p. 291, etc.) the velocity variation with direction 
in a large variety of crystalline solids including quartz. Focke, 
Lindsay and Wilks* find for the principal crystalline directions in 
bismuth velocities of 202h m./scc. and 1541 m./sec. 

The Velocity of Torsional Waves in Bars may be detennined 
in a similar maniiei to that doscrihed for measuiing the velocity 
of longitudinal wa\cs. 'Fhe bar. clarnpocl at the midpoint, is 
excited into torsional \ibration of fiequency N, whence 

as before.. In lliis case, we have already .seen f]j. 160) t~:V nfp 
which can be ral( (dated ficjm the phvsiral constants, rigidity 
A* and densit) p, cl tlie matc'iial. The' latio oi longitudinal to 
torsional velocity is \/'E/\/,h or \'2tir i-1' In the case of steel, 
taking <t“ 0*5, the ratio becomes 1 ‘6. Since ,r can never be greater 
than 0'5, the ratio t;f longitudijia! to toisional velocities can never 
exceed r73 in any material. 4‘he ratio of velocities, ecjual to the 
ratio of frecjucncies, is easilv obtained expci Imenlally and provides 
a very simple means of determining Poisson’s ratio cr for the 
material of the bar. 


VFXOCITY OF SOUNDS OF HIGH FREQUENCY 

When the frecjiif'iuy of the sound is above tin' audible limit, (;r 
too high to be estimated by eai. th*' vekteiiy is most conveniently 
measured by a method due to Rayleigh, vi/. llir stationary wave 
method. In Rayleigh’s oiiginal expeiimentt the source of sound 
was a bird call (see p. 221) placed about two metres from a plane 
reflector, a sheet of metal o» glas.s. Between the source and the 
reflector a sensitive flame fsee j). 408) could be moved to and fro 
to locate the positions of the nodes and antinodes in the stationary 
waves formed by snjjcijmsition of the direct and reflected waves. 
The flame was least disturbed at the nccles. these positions being 
well defined by the sudden ('c.ssatic)n of flaring. The nodal 
separation being X/2. the velocity may be obtained from the relation 
ffrr-NX provided the frequency is known. In the bird-call experi¬ 
ment the frequency in general is not known, the method being 
more suitable to determine the frequency in terms of an assumed 

* Acoui. Sac. Amer. 9, p. 348, 1938. 
t Sound, 2, p 403 
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velocity. Recent developments in the production of supersonic 
vibrations of accurately known frequency by piezo-electric crystals 
and rnagnetostrictivc rods (nickel etc.) have rendered Rayleigh’s 
stationary wave principle a method of precision in the determina¬ 
tion of velocities in gabies and liquids. In this connection the 
work of Pierce in the cases of gases, Boyle, Wood. Hubbard and 
Loomis lor liquids, is noteworthy. 

(a) In Gases —In 1907 W. Allbcrg* measured the wave-length 
of the sounds emitted (of freqiicncy N —340,000) from an electric 
spark, and found that the i)roduct NX was in moderately good 
agreement with the rec.ognised value for the velocity of soured 
in air. A. Campbell and 1). W. Hyef obtained a similar result 
at 900,000 j).p.s , iisiiii' a higli-fiequency si)ark as source and a 
Kundt’s dust lube* to indicate the wave-length. A scries of 
measuremcnls of the velocity of sound waves of veiy high fre¬ 
quency was made in 1923 by K, Palaiologos.J Supersonic 
vibrations were prodviced in air by imposing higli-frequcncy 
alternating currents on the diiect cm rent in an arc. The arc 
current was thus made to lluctnate ,'it a fictpioucy equal to that 
of the .A.Cl., and therel)y became a source of sound (sec p. 217). 
The wave-length of the sound emitted w.as measmed by means 
of diffraction gratliiga (see p. 311); a concave mirror with the 
high-frequency (short wave-lengih) .sound st)urce (the arc) at its 
focus produced a ])arallel beam, which, after j)assing throutrh the 
grating, was focussed by a set.ond concave minor (>n the detector. 
The wave-length was calrulaterl from die usual grating fornmltc. 
Palaiologos found, for frequencies 2XHP to 2X10® p.p.s. (a~ 1'7 
mm. to 0‘17 mm,), that the velocity of sound was constant and 
equal to 335 metrcs/sec. at 0“ C. 

'The oscillations of a ({uart/. piezo-electric lesonalnr have been 
applied by (7. W. Pierce § to the precision measu.Tinent of the 
velocity of high-frequency sounds. A crystal of qinrtz, cut in 
the manner dt‘.srrihed on j). 147, i.s mounted in front of a smooth 
reflecting surface as showui in fig. 75 (u). The crvsl.nl is main¬ 
tained in continuous o.scillation at its own n.ituial fieijuency by 
means of the circuit shown. The sound waves thus produced arc 
reflected back to the crystal and ftjrin a system of stationary waves. 
The reflector may be moved to and fro on a fine ‘lead’ screw to 

Jfin. d. Physik, 23, 1007. 

^Electrician, 66. p. 862, Mfirch 1911. 

tZehs. /. Physik. 12, p .37,''>, 1923. 

§ Prpr. Amer. Acad., 60, p. 271, 1926, also llubliard and Loomis, 

Phil. Mag., 5, p. 1177, 1928, 
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explore these waves and to measure the wave-length. No addi¬ 
tional apparatus for detecting the sound is necessary, for the 
reflected sound wave, falling on the emitting face of the crystal 
vibrator, even when the reflector is in some cases at a distance 
of 300 half-waves away, reacts on the cry-stal with sufficient force 
to cause readings of the milli-ammeter A to fluctuate visibly in 
accordance with the phase of arrival of the reflected sound wave. 
In order to render the fluctuations more evident for precision 
measurements, a sensitive galvanometer (or microammeler) is 
used at A shunted by a potentiometer as shown, to neutralise the 
main current through the instrument. A set of typical observa¬ 
tions given by Pirece is shown in flg. 75 (6), The maxima could 



be located to O'05 jrnn. and a hundred or more successive half- 
waves may be coiuited. The accuracy of wavc-lengih measure¬ 
ment is of the order of I in 3000. Tiie frequency of the vibration 
of the cry.stal was determined by accurate \'avc-meler methods 
as in standard radiofrequency measurements.* The ultimate 
time standard in such measurement.s is a master clock, and the 
connecting links in the measurement, a standard tuning-fork and 
a multivibrator (see p. 136). It was proved by Pierce that the 
reaction of the rellected wav'es on the crystal vibrator had a 
negligible effect on its frequency. A.s a result of such measure¬ 
ments Pierce came to the following conclusions : — 

The velocity of sound in free air for a range of frequencies 
between 40,000 and 1,500,000 p.p.s. varies with frequency in a 
peculiar manner (see fig. 13 of Pierce’s paper). At 0“ G. the 
values were 331*94, 332*47 (max.), and 33T64 metres/sec. at 
frequencies 1000, 50,000, and 1*5X10® p.p.s. respectively. The 
effect of humiefity was negligible ; at 80 per cent, humidity the 
velocity differed by les.s than 0*02 per cent, from the velocity in 
dry air. 

• See also Dictionary of Applied Physics, 2, Article on ‘Radio Frequency 
Measurements,’ p, 627. 
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These Yaricttioiis of velocity with frequency, dbpersion, cannot 
be explained on the basis of the ordinary classir4il theory of 
velocity of sound in gases, and we must look for an alternative 
explanation. As Pierce showed in his earlier experiments (1925), 
the peculiar velocity changes are also accompanied by abnormal 
absorption effects—taking place in the region 10* to 10* c./sec. 
These phenomena have been subsequently confirmed, at any rate 
qualitatively, by numerous observers. Hertzfeld and Rice* 
suggested that at these xery high frequencies the interchange 
between the translational and vibrational energy of the molecules 
lags behind the rapid oscillations of pressure, so that the molecular 
motions have insufficient time to adjust themselves to the adiabatic 
temperature variations. H. O. Kneser, in a number of theoretical 
and experimental papersf dealing with anomalous ^bsoqjtion- and 
dispersion of sound, has derived the following expression for the 
velocity in terms of frequency (6„:r=:2TrN) and molecular constants: — 


-V'( 


1 +R' 


Cv (o'^d~ Cvn 


)• 


where is the molecular heat at constant volume, is the 
specific heat of the translation degrees of freedom, R is the 
universal gas constant, and ^ is the mean life of the energy- 
quantum, that is the time involved in the quantum transformation 
translational intramolecular translational energy. The quan¬ 
tity ^ is designated the ‘relaxation time,’ and is expressed by the 
relation 


o' 

vt 

where c ** is the total heat of vibration and c * is the effective heat 

tit «i 

of vibration, when the gas is subjected to a teraperaluiie change in 
a very short time t. 

When ro approaches zero, Le. at low frequencies, the velocity 
becomes 


Vo “ 



•Phys. Rev., 31, p. 691, 1928. 

fAnn. Phydk., 11, p. 761. 1931 ; 11, p. 777, 1931 ; 12, p. 1015, 1932 ; 
16, p. 337, 1933. 
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and at high frequencies, w approaching infinity. 
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The dispeision curxe has a point of reflection at ty - Cval^Cv 
whence may be delennined. 


These theoretical deductions predict a dispeision curve (plotting 
v“ as a function of N) foi eat bon dioxide in tolerably good agree¬ 
ment with observation—the point of inflection occurring at 
in accordance with theory. 

P. S. li. Hern-)’,* in considering the energy exchanges between 
molecules in relation to Knesci's theory, suggests that the best 
method of testing the theory is to make velocity and absorption 
measurements at high iein])evalures (say 300" to 1000° C.) where 
the molecular excliarrges of energy, translational and vibrational, 
increase in importance. 


Employing a somewhat dilicrent method of analysis, analogous 
to that of Einstein (soc: reference, p. 258), A. J. Rutgersf has 
arrived at the same disjrersion formula as that of Kneser. 


The effect of temperature on the relaxation tirire has been 
studied by Er^ker and Becker,J and the influence of pressure by 
Wallmann§ (using COi>). 

The rnea.surernent of dispeision of sound in gases promises to 
be of value in the study of molecular structure. The gases 
studied include CT, N^, Air, COl>, CS:*, CI 2 , SO 2 , CO, N^O, 
N 2 O 4 2 NO 2 , NH 3 , etc. 


W. r. Richards and J. A. Reidjj have made an exten.sive study 
of sound dispersion in mixture of gases. The complexity 
increases in the case of jjartially dissociated gases. The effect of 
pressure on dispersion in gases has been examined by W. Railston 
and E. G. Richardson,^ and the effect of temperature by H, L. 
Penman.** fn a series of papers W. H, Kecsom and his col- 


* Camb. Phil. Soc. Proc., 28, p. 249, 1932. 
t Ann. Phys. Lpz., 16, p. 350, 1933. 

t Zeits. Phys. Chem., 27, p. 2.35, 1934 ; fife also 30, p. 85, 1935. 

% Ami. d. Phys., 21, p. 671, 19.34. 

II/. Chtm. Phys., 1, p. 114 and p. 737, 19.33 ; 2, p. 193 and p. 206, 
1934. 

^Phys. Soc., 47, p. .533, 1935. 

•* Phys. Soc. Proc., 47, p. 543, 1935. 
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laborators* have Investigated the velocity of sound with variation 
of temperature and pressure In hydrogen, oxygen, nitrogen, and 
neon from 0° G. to a temperature in the neighbourhood of their 
liquefaction points. The ratio of specific heats was also deter¬ 
mined under these conditions. The velocity of sound at sonic 
frequencies has been shown by F. A. ‘Walchf to be constant 
within one part in 1000. 'Fhe theoretical interpretation of the 
dispersion phenomena in terms of molecular characteristics is at 
present very complex and reference should be made to original 
papers for details.:]; 

In general, Pierce’s stationary wave method with piezo-electric 
or magnetostrictive oscillators has been used in velocity measure¬ 
ments at high frequencies. Optical methods, to which we shall 
refer later (see pp. 285 to 293) have also been employed to 
nieasure wave-length of high frequency sounds. 

M. Mokhtar and E. G. Richardson § have demonstrated the 
disyjersion of sound between 400 and 700 kc./sec. in air containing 
water vapour, and have also mea.sured the attenuation in this 
range. They find that in humid air the absorption coefficient 
reaches a maximum two or three times that in dry air, at a vapour 
pressure which decreases as the frequency increases. The 
maximum dispersion in velocity decreases as the frequency 
increases. 

In a paper dealing with mechanical relaxation of simple systems, 
H. O. KneserJI demonstrates the similarity of relaxation effects in 
systems having elastic and viscous properties, with those shown in 
velocity, and attenuation of high-frequency vibrations in gases, 
liquids and solids. A simj)lc relaxation body is inalhematically 
expressed by the relation 

f + Tt“ <r + T<r Mo/M qo /M 0 

in which o- is the force, e the displacement, M© and the elastic 
moduli for infinity slow and rapid variations of force (Mo<Mao,) 

and T is the relaxation time for a steady force (t^ = t^Mo/M«, .J 

* K. Akad. Amsterdam Proc., 34, p. 204, p. 980, p. 996, 1931 ; 35, 
p. 727, 1932 ; 3, 79. p. 614, 1934. Fhysica, 1, p. 1161, 1934. 

iPhys. Soc., 48, p. 899, 1936. 

i See, for example. Ultrasonics, by L. Bergmann (G. Bell), and Progress 

Reports in Physics (Phys. See. London). Sec also W. T. Richards, 

'Supersonic Phenomena,' Review of Modern Physics, 11, p. 36, 1939— 
contains a good summary and a list of 350 references. 

UProc. Roy. Soc. A., 184, 117, 1945. 

\\KoUoid Zeits., 134, 20, 1953. See also Ann. d. Physik., 43, 465, 
1944 

19 
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Using periodic functions for € and o- and (r=®oe*** 

we have 


l+itOT 

Q M()‘ T""* /AM 

1 + ityrMo/Moj 


or 


1 




Here Z is a complex mechanical imi>edance equal to Z,.-f-tZf 


the real and imaginary jjarts 



on the X and y axes, 


a circle diagram is obtained for a simple relaxation system having 
one or more discrete relaxation times (see fig. 75/1b{«)). Kneser 
classifies relaxation phenomena in H.F. oscillatory systems as 
follows : 


Excited or temp. Structure or pres- Orientation or 
relaxation sure relaxation entropy relaxation 


Shear (constant 
volume) defor¬ 
mation 


All gases with Solutions of high High polymers 
i/tv collision polymers (e.g. rubber) 

tune 


Pressure (con- Mult i-atomic Water at 4" C. 
stant angle) dc- gases and liquid (zero expansion 
formation electrolytes coefficient) 


Relaxation elTects are shown in a scries of curves compaiing 
experimental observations of absorption as a function of log ( wfj^n) 
(a non-dimensional quantity) with the ‘classical’ values of 
absorption for a number of gases (CH 3 CHO, GO, Oc, Hg and He). 
The ‘circle’ diagram for O 2 shown in fig, 75/ 1b (6) consists of two 


(,915 99)5 



semi-circles. The diagram shows the wide difference between 
the relaxation times for vibration and rotation ( t and ) • For 
CO 2 a rotation maximum has not been identified with certainty. 
Kneser also discusses experimental observations on velocity and 
attenuation of H.F. sounds in liquids and solids, but information 
is lacking in these media at very high frequencies. 
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J. Lamb and J. M. M. Pinkerton* have measured the absorption 
of H.F. sounds in acetic acid over the frequency range O'5 to 
67*5 Mc./sec. and at temperatures between 16° and 60° C. They 
showed that dispersion and an absorption maximum occurs, the 
results confirming the existence of a relaxation process in a liquid. 
They suggest that the relaxation mechanism is possibly connected 
with a perturbation of the equilibrium between single and double 
molecules of acetic acid. There are indications of a second 
absorption maximum above 47'5 Mc./sec. 

Observations by S. Parthasarathyf and his collaborators have, 
however, failed to detect evidence of dispersion in many organic 
liquids, in a range of frcciuencies 0‘2 to 16 Mc./sec. G. BradfieldJ 
has developed an accurate method of measuring H.F. velocity in 
liquids and suspensions, and has shown that tlie absorption per 
wavelength arising from relaxation phenomena is proportional to 
velocity change. The pt^ssibility of relaxation in solids also 
exists, but the experimental verification is likely to be fraught with 
some difficulty. Both velocity and attenuation, particularly the 
latter, are likely to be affected by anisotropy and pre-treatment of 
the material. C. Zener§ mentions a number of possibilities for 
relaxation effects in the atomic structure of polycrystalline materials: 
(1) orientation of neighbouring atoms, [2) vaiiation of grain size, 
(3) forces causing twinning, (4) presence of foreign atoms, and 
(5) thennal flow between differently oriented crystallites. 

(b) In Liquids —R. W. Boyle and J. F. Lehmannj| have 
demonstrated the existence of stationary waves under water 
when a beam of plane waves of high frequency is opposed by a 
similar beam in the opposite direction. Two quartz transmitters 
in a tank of water were arranged 60 cm. apart and face to face. 
They were connected in parallel to the same valve oscillator so 
that each radiated energy of the same frequency. Whilst both 
were emitting sound waves of 96,200 [j.p.s. jjarticles c f coke dust 
were sprinkled in the track of the beam and eventually settled on 
a whitened plate suspended just below the centre of the energy 
field. The particles of dust were forced by radiation-pressure 

* Proc. Roy. Soc. A., 199, 114, 1949. 

fl, Sci. Industrial Res., 3, 299, 1944. See also A. van Itterbeek and 
A. de Bock, Physica, 14, 609, 1949, and D. Sette, La Ricerca Scientifico,. 
20, 102, 1950, and 19, 1338, 1949. 

t Proc. Int. Conf. on Ultrasonics, Bnissels, June 1951. 

I'Elasticity and AnelaBticity of Metals' (Chicago), 1952. 

|{ Trans. Roy. Soc. Canada, 19, p, 159, 1925. 
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into the planes of niiniiiium intensity of vibration, and ultimately 
settled in lines at tlic base of each nodal surface, the distance 
apart of these lines being x/2. In a particular experiment there 
were 44 half wave-lengths in 34‘86 cm., which gives a value 
152 ± 03X10“ cm./sec. for the velocity in water at 15° C. 
(waves of 96,200 p.p.s.). 

R. W. Boyle and G. B. Taylor, using a single quartz oscillator 
and a rcllector to produce the stationary waves, attempted to 
measure tlie variation of velocit)' of sound in water at different fre¬ 
quencies from 43,000 to 600,000 p.p.s. I'heir earlier results indi¬ 
cate a falling off in velocity from T51X10‘' to 1'42X10° cm./sec. 
at these frequencies respectively. This reduction of velocity 
with increase of frequency is not explicable on the assumption 
that viscosity is the cause (see p. 350). Using a very viscous 
oil at high frequencies (6X10°), they found the velocity to 
be the same as at the low’ frequency. In a later paper,f Boyle 
and Taylor ascribe the apparent decrease in water to a possible 
progressive error in the wave-meter used to dcteraiine the fre¬ 
quency. A continuation of the experiments under more exact 
experimental conditions indicated no detectabU change in velocity 
from 29,000 to 527,000 p.p.s. The mean value of the velocity 
in water over this range of frequencies was found to be 1'48X10° 
cm./sec. ± 1 per cent, at 18'5° C. A similar set of observations 
of the velocity of ultrasonic waves in castor oil of viscosity 0*50 
at 20° C, gave a constant value T43X10° cm./sec. over the whole 
range of frequency. R, W. Wood, A. L. Loomis, and J. C. 
HubbardJ have made measurements of the wave-length of high- 
frequency sounds in various liquids by a method analogous to 
that of Pierce in gases. A quartz piezo-electric oscillator 10 cm. 
in diameter’, vibrating at frequencies 200,000 to 400,000 p.p.s., 
produced practically plane waves in a small dish of liquid placed 
upon it. These waves were reflected from a plane surface im¬ 
mersed in the liquid, a fine micrometer screw adjusting the distance 
of this surface from the face of the quartz disc with w'hich it was 
parallel. As the reflector passed through each nodal point of the 
stationary waves in the liquid, a neon lamp loosely coupled to 
the oscillating circuit was extinguished due to the reaction of 
the system of stationary waves upon the crystal. 

A method used by the writer using a tank of length and width 

* Trans. Roy. Soc. Canada, 19, p 197, 1925. 

^Ibid., 21, p. 79, 1927. 

XPhil, Mag., 4, p. 417, 1927, and Nature, Aug 6, 1927. 
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large compared with a wavelength, employs the principle of 
interference between the e.m.f. picked up from the transmitter 
and that from the sound receiver. When the distance apart 
between the source and receiver is varied, the resuftant signal, 
made visible on a C.R.O., passes through a succession of maxima 
and minima as the received signal goes in out of phase with the 
superposed e.m.f. The distance apart of two successive maxima is 
one wavelength. In a particular experiment in a shallow tank of 
water two quartz ijiezo-electric transducers of diameter f in. and 
frequency 4.54 kc./sec. were used. The .second harmonic of the 
transmitter frequency was tuned by beats to the B.B.C. radio¬ 
transmission at 908 kc./sec. As the trolley carrying the receiver 
away from the transmitter passed two contacts 100* * * § 25 cm. apart, 
marks were made on the C.R.O. record. The number of wave¬ 
lengths between the.se contacts was 311*7, whence the wavelength 
is 0*3216 cm., and the velocity of sound in ‘fresh’ water H60 
rnetres/sec. at a temperature of 13° C. 

The principle of this method is, of course, equally applicable to 
the measurement of sound velocity in air. E. Meyer has, inde¬ 
pendently, used it in uater and has also applied it to measure 
the velocity of longitudinal waves in rubber and plastics 
(see pp. 271a and b). 

P. Debye* has developed a theory explaining the variation 
of compressibility of electrolytes with concentration. He shows 
that the electrostatic pressure due to the electric field around 
the ions may be of the order of 10,000 atmospheres producing 
an additional contraction of the electrolytic solution which 
results in a decrease of compres.sibility. Sound velocity measure¬ 
ments in small volumes of liquid, using Pierce’s method, give 
the relation between compressibility and concentration. Such 
measurements, made by D. O. Masson,f GeflFken,t J. T. Gucker,§ 
Falkenhagen and Bachem,|j and others, indicate a general agree¬ 
ment w'ith Debye’s theory. In this way, as in the case of gases, 
sound velocity measurements may increase our knowledge of 
molecular phenomena. In this connection the work of S. 
Parthasarathy is noteworthy. By various means, including 
Pierce’s method and various optical methods to which reference 

* 1. Chem. Phyx., 1. p. l.l. 1933 : and Phys. Zeits. ^5, p. 639. 1934 

iPhil. Mag., 8, p. 21. 1929. 

t Z. Phys., Chem., 155, p. 1, 1931. 

§ Chem. Rev., 13, p, 111, 1933 ; and /. Amer. Chem. Soc., 55, p. 2709, 
1933. 

\\ Zeits. Elektrochem., 41, p 570, 1935. 
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will be made later, he has investigated the relationships between 
sound velocity and chemical constitution. Well over a hundred 
organic liquids and mixtures of liquids have been examined.* 
Some of the conclusions may be mentioned briefly : (1) aromatic 
compounds have usually higher velocities than the aliphalicsr—for 
the former, the velocity range extends from 1300 m./sec. upwards, 
whilst the latter have velocities below this limit ; (2) as the lengtli 
of the molecule increases, the velocity of sound also increases— 
exemplified in the hydrocarbons, alcohols and ketones, and com¬ 
pounds containing two bromine atoms ; (3) esters, however, show 
a diminution in velocity with increasing length of alcohol radical ; 
(4) introduction of a heavier atom into the molecule reduces 
the velocity; (5) highly viscous liquids have greater velocities; 
(6) among isomers, if isomerism is not the optical kind, there is a 
difference in velocity, e.g. the xylenes, <^-and /5-picolines, butyl 
and iso-butyl alcohols show differences. These and other 
relationships between chemical constitution ami sound vrlochy 
derived by Parthasarathy provide much fundamental data for 
speculation on the molecular constitution of liquids. An in¬ 
vestigation of the dispersion and selective absorption in the 
propagation of high-frequency sound in liquids contained in tubes 
has been made by R. W. Boyle, D. K. Froman and G. S. Field.f 
Over a certain small range of frequencies anomalous effects were 
observed, but these were eventually ascribed to transference of 
energy from longitudinal to radial vibration of the tube containing 
the liquid. 

In order to study the pressure-coefficient of velocity in liquids, 
J. C. SwansonJ has constructed a Pierce veU/city apparatus 
for wave-length measurements at pressures up to 1000 atmospheres. 
The w'hole apparatus, including quartz oscillator and reflector, is 
contained in a block of steel 20X12X11 cm. With this apparatus 
Swanson'measured the pressure coefficient of velocity for a number 
of organic liquids and showed that the variation of velocity with 
pressure is linear within the range of pressures investigated. 
A. Pitt and W. J. Jackson§ have applied the piezo-electric method 
to detennine the velocity of sound in liquid oxygen and hydrogen. 
At a frequency of 427 kc./sec. the velocities were found to be 

• See S. Parthasarathy, Mem. fndian Inst, of Science, 2, p. 497, 1935 ; 
3, pp. 285, 297, 482, 519, 1936 ; 4, pp. 17, 59, 213, 1936. 

^Canadian Journ. of Research, 6, p. 102 and p. 192, 1932. 

t Rev. Sci. Inst., 4, p. 603, 1933 ; /. Chem. Phys., 2, p. 689, 1934 ; and 
Phys. Rev., 45, p. 291, 1934. 

$ Canadian Journ. of Research, 12, p. 686, 1935. 
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912 m./sec. (at —182‘9° C.) and 1127 m./sec. (at —252'7° G.) 
respectively. The velocity of sound in liquid oxygen has also 
been measured by H. W. Liepmann* at frequencies of 7'5 
kc./sec. and 1000 kc./sec. The Debye-Sears optical method, to 
which we shall refer later (see pp. 285 to 293), was used and the 
temperature of the liquid oxygen was varied by rapid pumping. 
It was shown that the velocity increases approximately linearly 
with decreasing temperature from 911 m./sec. at —183'6° C. to 
1130 m./sec. at --210°C. The foimer value agrees well with that 
obtained by Pitt and Jackson. 

The velocity of sound in liquid hcliumf under its own vapour 
pressure has similarly been determined over a temperature-range 
4'22° K. to r76° K. The velocity of sounds of frequency 
7‘5X10* c./sec. has been measured in 1 c.c. of liquid by R. Bar,!]; 
using an optical diffraction method. He found the velocity in 
ordinaiy water (HiO) to be 1481 m./sec. and in heavy water 
(D 2 O) 99‘2 jjer cent, purity to be 1381 m./sec. at 20° G., the 

adiabatic compressibility of D^O being therefore ^■733X10~^^ 
cm.^ dvnc ^ 

Using a light diifraction method, K. Yosioka§ has also 
measured the velocity of sound in H^C) and in DoO of ^25 —1 1064 
at temperatures between 25° and 90° C. at a frequency of 4900 
kc./scc. At 25° G. the velocity of sound in pure D 2 O was found 
by extrapolation to be 1398 in./sec. and the adiabatic compressi¬ 
bility 4*63X10 cm."^ dyne ^ 

A. K. Dutta,J| also u.sing the Debye-Sears optical method of 
observation, has oliserv^ed anomalous dispersion in water in the 
frequency range 3X10® to 3X10^, within which region the 
velocity incieases by I‘5 parts per 1000. Within this range the 
velocity in toluol was constant. Similarly, dispersion has been 
observed by B. V. R. Rao^ in GC1.» and acetone at a ‘hypersonic” 
frequency greater than 10 ® c./sec., using a method depending on 
optical scattering. In the frequency range 2 to 9X10® c./sec., on 
the other hand, B. Spakovskij,** using the Pierce stationary-w'^ave 

* Helv. Phys. Acta, 9, p. 507, 1936; and 11, P- •381. 1938 See also 
A. van Itteriieck and O. v. Paemel, Physica, 5, p. 593, 1938, 

t J. C. Findlay and other?, Phy$. Rev., 54, p, 506, 1938. 

tHelv. Phys. Acta, 8, p. 502, 1935. 

i Inst. phys. and Chem. Res. Tok\o Sci. Papers, No. 806, p. 843, 
1938. 

llPAy^. Zeits., 39, p. 186, 1938. 

K/ntf. Acad. Sci. Proc., 7, p. 163, 19,38. 

Comptes rend VS.S.R,, 3, *p. 588, 1934, 
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method, observed no change in the velocity of sound in \vater and 
various organic liquids. The problem of dispersion of sound in 
liquids and its bearing on molecular phenomena is in its infancy. 
Reference to this has been made on pp. 277a and b where 
dispersion in gases and solids has also been discussed. 

(c) In Solids —The velocity of sound e in a solid bar may at 
once be deduced from a knowledge of its length I and the frequency 
N of its fundamental tone when in longitudinal vibration (c=::2N/). 
When the bar is very short, however, the frequency cannot be 
determined by aural methods, and special means for its measure¬ 
ment are necessary. Kundt's dust tube is perhaps the simplest 
of such methods. On striking one end of a short metal bar, the 
other end of which is inserted in the ‘dust tube,’ the stationary 
wave dust pattern is very easily produced, and the wave-length 
in air determined, whence the frequency N of the sound can be 
calculated, assuming a knowledge of the velocity in the air con¬ 
tained in the dust tube. The velocity in the bar is then equal to 
2Nf, where I is the length of the rod. In this way R. J. Lang* 
determined the velocity of longitudinal waves in bars of .steel 
and brass, varying in length from 200 to 5 cm., and in frequency 
from 1280 to 50,150 p.p.s. The ratio of the velocities of the sound 
waves in air and in the metal bars was found to remain constant 
(within experimental error) over the whole range of frequencies. 
The absolute values of velocities in steel and brass were found to 
agree with the values calculated from the static elasticity E and 
density p —that is, from p. The ratio of adiabatic to 

isothermal elasticities (that is > ) of a metal may be calculated by 
the method indicated on p. 261 for liquids. For iron, the ratio 
is found to be 1 0026; whence it might be anticipated that the 
velocity determined by direct experiment would be r3®/oo higher 
than the value calculated from the isothennal or static elasticity. 
This difference is, however, w'ithin the limits of error of I..ang’s 
measurements. In a paper on ‘Magnetostriction Oscillators,’ G. W. 
Piercef describes a study of the velocity of sound, and its varia¬ 
tion with temperature, in a number of alloys exhibiting magneto- 
strictive properties. A graduated series of ‘stoic’ metal bars (about 
36 per cent. Ni and 64 per cent. Fe) from 20’8 to 6*9 cm. in 
length give a mean value of (lengthXfrequency) of 2079*6 + 
and consequently a mean velocity of 4160 metres/sec. at 20® G. 
No dehnite change in velocity was observed within the frequency- 

* Trans. Roy, Soc, Canada, 16, p. 16.3, 1922. 

t Amer. Arad. Pror.., 6.S, 1, p. 1, 1928. 
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range 10,000 to 30,000 p.p. 5 . of these rods. It was found tliat die 
velocity in the Ni-Fe alloys has a minimum and the teraperatui’e 
coefficient a maximum value at 36 per cent, to 40 per cent, nickel 
—that is, about the composition of Invar and Stoic metal. 

The velocity of high-frequency vibrations in a piezo-electric 
material like quartz is best deteimined from a knowledge of its 
linear dimensions and its natural frequencies. The latter may be 
determined accurately by the methods indicated on pp. 136 and 
148, or approximately by means of a Cady or a Pierce oscillator 
circuit (see p. 151) combined with a simple form of electrical 
wave-meter (a known variable inductance or capacity and an 
indicator of resonance such as a neon lamp or an electrostatic 
volt-meter). On p. 150 is given a table of frequencies of the 
partials of two quartz bars of lengths 47‘0 and 62*2 mm. The 
fundamental frequencies are 58,675 and 44,120 p.p.s. respectively, 
corresponding to an average velocity rr::2Nf=5'50X10® cm./sec. 
in quartz. There is no mdication in the table (p. 150) that there 
is any progressive variation of velocity with frequency up to 
3 or 4X10® p.p.s. 

The velocity of sound in a bar may conveniently be determined 
if the bar is excited into resonant vibration by electromagnetic, 
piezo-electric, or by magnetostrictive methods. The source of 
electrical excitation is a valve-maintained oscillator of continuously 
variable tuning and the frequency of resonance is determined 
from the constants of the electrical oscillating circuit or preferably 
by means of a wave-meter. R. W. Boyle* has pointed out 
that cautious judgment must be exercised when determining a 
resonant frequency, particularly in regard to the overtones. His 
observations show that the vibratory modes in high-frequency 
bars may be very complex—longitudinal, torsional, and flexural 
vibrations may take place simultaneously. At certain resonant 
frequencies, dust particles sprinkled on the e7id of a cylindrical 
bar in vibration arranged themselves in patterns similar to some 
of Chladni’s figures, e.g. four-, six-, eight-, and twelve-pointed stars 
could be obtained. 

The longitudinal velocity in metallic and non-metallic rods 
excited piezo-electrically by attaching a small plate of quartz to 
one end or at the mid-point, has been measured by R. W. Boyle 
and D. O. Sproule.f In the -case of duralinum tods it was shown 
that corrections are necessary to the simple expression for longi- 

• Nature, p J3. Jan. 5, 1929. 

t Canadian Journ. of Research, 5, p. 601, 1931. 



284 VELOCITY OF SOUNDS OF HIGH FREQUENCY 


tudinal frequency due to the complex nature of the vibration. As 
the ratici of radius V’ to length ‘f increases, the obscrYcd longi¬ 
tudinal velocity decreases. Rayleigh* * * § has shown that the eflfect 
of lateral inertia is to increase the period T ( —1/N) in the ratio 
1 to \ , where k is an integer characterising the mode 

of vibration and (/ is Poisson’s ratio. Rayleigh’s correction for the 
lateral inertia of the rod is found to apply so long as kr/l does 
not exceed 0’55. 

For greater values of kr/l, however, Boyle and Sproule demon¬ 
strated that the vibrations became very complex, and it was almost 
impossible to derive reliable values of velocity. They give 
4'06X10'* cm.,/sec. and 3'15X10^ cm./sec. for the values of 
velocity in marble and ice respectively. In the latter case the 
variation of velocity with orientation in the ice block was not 
appreciably greater than the variation from sample to sample of 
ice cut in the same direction from the same block. Experiments 
of a similar nature liave been made by E. Giebe and A. Scheibef 
experimenting with a large number of quartz rods having square 
and lectangLilar < ross-spctions. They found Rayleigh’s correc¬ 
tion to be applicable for the deviation of the overtone frequencies 
from whole number mtdtiples of the fundamental, but the cor¬ 
rection became increasingly inaccurate when the longer side of 
the cross-section exceeded O'.*) of the elastic half wave-length. 
K. Rohrich.J using a quartz plate to excite resonant xibrations up 
to 9X10° c./sec. in steel,' glass, copper, brass, and aluminium, 
derived formula* to include the effects of friction, heat-conduction, 
and lateral motion. He found for longitudinal waves a decrease 
of velocity with increase of frequency, and for transverse waves 
an increase of velocity with frequency. W. Bez-Bardili§ has 
measured the critical angle of total-reflection, from which the 
velocity was calculated, for longitudinal and transverse waves of 
frequencies from 10® to 2X10'^ c./sec. in various plates of metal 
and glass in xylol. The values of velocity, reduced to audible 
frequencies, were xylol 1321, A1 4990, Fe 5110, Cu 3630, and 
glass 5230 m./scc. F. D. Smith and the authorj| have determined 

* .Sourtd, 1, p. 251, 

fAnn. d. Phys., 9, 1, p. 93, ard 9, 2, p. 137, 1931. 9-fit alsr* E. Giebe 
and E. BJechsrlimidt, Ann. d. Phys, 18, 4. p. 417. and 18, 5, p. 457, 
1933. 

tZeits, /. Phydk., 73, p. 813, 1932. 

§ ZeUs. /. Physik,, 96, p. 761, 1935. See also S. 1. Kretschmer and 
S. N, Rschevkin, Comptes rendus V^.S.R., 20, p. 17, 1938, 

II Pkys. Sec. Proc., 47, p. 149 and p. 185, 1935. 
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the velocity of sound in a large number of sheet materials (metallic 
and non-raetallic) . High-frequency transverse vibrations were 
excited in the sheets by means of a small magnetostriction 
oscillator—the range of frequency extending up to 20,000 c,/sec. 
The transverse stationary waves set up in the sheets were indicated 
by a sprinkling of fine sand, whence it was a simple matter to 
determine the transverse wave-length A. The velocity c appro¬ 
priate to the sheet is given by 

c -erf 1 + k-K^)^!kK Oi- /N - (N )* 

where c, is the velocity of transverse waves, k~2ir/\, and /( the 
radius of gyration of the cross-section of the sheet about the 
neutral axis of bending. When kK is small, this expression 
reduces to c~ctfkK approximately. The accuracy of the method 
depends ultimately on the accuracy with which the thickness t of 
the sheet and the transverse wave-length can be measured since 
If =zt/\f'l2 and k-~2Tr/\. The method provides reliable data 
even with such materials as ebonite, celluloid, cardboard, and 
hard rubber.* It ^vas generally found that the. velocities in the 
slieet materials are intennediate between the velocities in rod 
and in bulk fomi. Reference has already been made (see p. 175) 
to a simple incth<Ki of determining the velocity of sound in small 
disesf (about 2 cm. diameter)—particularly applicable in the case 
of materials available only in small quantities. 

OPTICAL PHENOMENA AT HIGH FREQUENCIES 

For many years Kundt’s tube, in which various forms of fine 
powder, smokes or other materials have been introduced, has 
been the classical example which reveals the presence of waves 
of sound in gases. Diffraction, interference, and stationaiy wave 
effects in sound beams of high frequency in liqi.’ds have been 
made indirectly visible to the eye by the powdered coke method of 
R. W. Boyle (see fig. 50, p. 158, and fig. 87, p. 330). Methods 
which could be more accurately described as ‘optical’ were 
introduced by Dvorak (pp. 296 and 297) and by Topler (see 
p. 376)—in these cases the pressure waves emanating from an 
electric spark were made clearly visible. The ‘Schlieren’ method 
developed by Topler has been further extended by E. P. TawilJ 

♦ Phys. Soc. Free., 47, p. 149 and p. 18.5, 1955. 

t Phys. Soc. Proc., 47, p. 794, 1935. 

tComptes rendus (Ports), 191, p. 92 and p. 168. 1930. 



286 VELOCITY OF SOUNDS OF HIGH FREQUENCY 


and by R. Pohlniann* to the case of stationary waves formed in a 
liquid between a quartz piezo-electric oscillator and a reflecting 
surface. 

Arising out of a theoretical investigation by L. Brillouint in 
1921 a number of ingenious and very beautiful optical methods 
have been devised which reveal unmistakably the presence of 
stationary and progressive waves of very high frequency passing 
through transparent liquids and solids. Brillouin visualised the 
diffraction of light waves in a transparent medium stratified by 
sound waves, as analogous to the diffraction of X-rays by parallel 
equidistant atomic layers in crystals as explained by Bragg (see 
p. 308). The regular succession of compressed and expanded 
layers, equally spaced, form the plane diffraction grating. If the 
wave-length of the sound specifying the grating-space is 'd/ 
and X is the wave-length of the light passing through the medium, 
then if 0 is the angle of diffraction of the n order, 

n\—2d sin 2(c/N) sin 

where N is the frequency and c the velo*:ity of the sound waves 
in the medium. In the case of a two-dimensional ‘lined’ optical 
grating or of a three-dimensional atomic grating, the reflecting 
surfaces (lines or layers) may be regarded as discontinuous 
structures equally spaced. In such a case high value.®, of ‘n,’ the 
spectral order, may be anticipated. When the grating structure 
is sinusoidal, however, as in the case w'e are considering, Brillouin 
has shown tliat only the first order spectrum could be formed on 
the basis of simple diffraction theory. Experimental observation 
by P. Debye and F. W. SearsJ in Ameiica, and by R. Lucas and 
P. Biquard§ in France showed, however, that spectra of higher 
orders were present also. Various explanations were offered, 
such as complex wave-fonn and distortion at high intensities, but 
ultimately an explanation was supplied by L. Brillouin (foe. cit.) 
himself. He put forward the idea cf multiple diffraction, light 
from one order being partly reflected back to other orders, which 
explains the presence of higher orders in a grating with sinusoidal 
transparency. The effect is enhanced as the sound intensity or 

• Naturwiss., 23, p. 511. 1935. 

Ann. n. Phys,, 17, p. 103, 1921 ; and 17, p. 88, 1922. See also 
La Diffracthn de Lumiire par des Ultret-sons (Paris, llcnnann et Cie, 
1933). 

%Proc, Nat. Acad. Amer., 18, p, 409. 1932. 

S Comptes rendus {Paris), 194, p 2132; and 195, p. 121, 1932. See 
also Revue d'Acoustique, 3, p. 198, 1934. 
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the length of the medium traversed is increased. This was 
cleaily demonstialed by R. J3ar,* A complete theory of the 
diffraction phenomena in a medium traversed by progressive or 
‘stationary’ sound waves has been developed by C. V. Raman and 
N. S. Nagcndra Nath.f The theory is closely analogous to 
Rayleigh’s theory $ of the diffraction of a plane wave (optical or 
acoustical) incident on a pcriixlically corrugated surface, but 
includes not only nomial incidence but oblique incidence also. 
Observations by S. Parthasarathy^ demonstrate that the trans¬ 
mission or ‘propagation’ theory of Ranian-Nath and the reflection 
theory of Brillouin relate to super|)osed phenomena. The complete 
theory given by Raman and Nath in their papers explains satis¬ 
factorily the observations of Debye and Sears, Lucas and Biquard, 
Hiedemann, Bar, and Parthasarthy. It also gives values for the 
‘Doppler’ light-frequencies for progressive and stationary sound 
waves. They summarise the general theory as follows: (1) If 
progressive sound-waves travel in a rectangular medium normal to 
two faces and to the direction of propagation of a plane beam of 
incident light, the Incident light will be diffracted at the angles 
given by sin ' (— n\/d\ and the light belonging to the ti*'*’ order 
will have the frequency v~ tiN. (2) If the sound-waves are 
stationary, the incident light will be diffracted at the angles given 
by sin' ^ (— n\/d), and even order would contain radiations with 
frequencies, v. v ± 2N, i- ± 4N, ... i/ ± 2rN, and an odd order 
would contain radiations with frequencies ,, + N, t.- ± 3N, . . . 

(2r4-l)N . . . (3) The amplitude of the diffracted orders 

can be represented by a differential-difference equation whose 
approximate solution is satisfied by certain Bessel functions. The 
Doppler effect is of course very small, as the velocity of sound 
is so small compared with the velocity of light. It was first 
demonstrated by Debye, Sark and Goulon.|| 

An experimental arrangement for demonstratirif diffraction 
phenomena on the lines developed by Debye and Sears, and by 
Lucas and Biquard, consists essentially (see fig. 75 d (1)) of a 
rectangular tank containing the liquid, at the bottom of which is 
mounted a quartz piezo-electric plate suitably insulated electrically 
and excited by a valve oscillator circuit of the required frequency- 

• Heh. Phys. Acta, 6, p. 570. 1933. 

t Indian Acad. Sci. Proc.. 2, pp. 406 and 413, 1935 ; 3, pp 75, 119, 
and 459, 1936 ; and 4, pp. 222 and 262, 19.36. 

t Sound, 2, p. 89. 

5 Indian Acad. Sci. Pror., 3, pp. 442 and 594. 1936. 

\\Compies rendus (Paris), 198, p. 922, 1934. 
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range. Light diverging from an intensely illuminated slit is 
rendered parallel by means of a lens and passed through the liquid. 
A second lens collects the emergent light and forms an image of 
the slit on a screen or photographic plate. With monochromatic 



Fig. 7sa — Diffraction 
spectra of sound 
waves in xylol; fun¬ 
damental, and jrd and 
5 th harmonic 


Fig. 7 5 b—-O ptical diffrac¬ 
tion ima^rcs of sound 
waves in xylol, the 
quartz being in vibra¬ 
tion m a number of 
frequencies at the 
same time 


(By courtesy of L. Bergmatin) 


light intense diffraction images of the slit, up to high orders, may 
be observed. Increase of frequency N of the sound results in 
increasing angular deviation $ from the central undiffracted 
image of the slit. If the wave-length S of the light and the 
frequency N of the sound are known, the method gives a tolerably 
accurate value of the velocity of sound c in the medium., in accor¬ 
dance with the diffraction equation given above. Figs. 75a and 
75b, due to Bergmann, illustrate the diffraction spectra of sound 
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waves in xylol at frequencies corresponding to the fundamental, 
third, and fifth harmonics of a quartz oscillator.* The increased 
spacing proportional to increase of frequency is clearly shown, 
and the lines are sufficiently sharp to- provide a reasonably 
accurate estimate of velocity. 

R. Bar and E. Meyerf have modified the ‘slit source* method 
described above in such a manner that the resulting diffraction 
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FiO. 7SC—Refraction of nn ultrasonic wave in xylol by an aluminium prism 
(photographed by Bez-Bardili by the method of Bar and Meyer) 

pattern may be used, not only to determine the acoustic wave- 
lengtli, but also to study the amplitude variations anc track of the 
sound wave in the mediutn. The ‘slit’ is now replaced by a 
screen studded with a large number of small circular pin-holes 
which serv'e as light sources (sec fig. 75d (2)), and the pattern 
projected on the screen or photographic plate reveals in a striking 
manner the an\plilude and direction of the sound wave in the 
medium. In fig. 75g is reproduced an example of the Bar-Meyer 
technique, photographed by W. Bez-Bardili.J It shows very clearly 
the refraction of a high-frequency sound wave in xylol by a 

*L. Bergmann, VUrasonics (Bell. London). 

fHe/t;. Phys. Acta, 6, p. 242, 1933 ; and Phys. Zeits., 34, p. 393, 1933. 

tPhys. ZfHts., 36, p. 20, 1935. 
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prism of aluminium. The variation in numbor of diffraction 
Images of the separate spots of light is an indication of the ampli¬ 
tude variation (as in the case of slit-spectra). This same method 
has been used in the transmission of sound through air,* and to 
determine the loss of amplitude of a sound wave as it traverses a 
liquid medium. The Bar-Meycr method has been used also by 
Hiedemann and Asbachf to explore the amplitude variations in 
the medium near the vibrating surface of a quartz piezo-electric 
oscillator. L. Bergmann and If. J. Goehlich^ have shown in the 
case of a stationary sound wave in a liquid that a divergent beam 
of light, as from a single filament lamp, is split up into a divergent 
bundle of sharply limited light rays. If, on emergence, the beam 
is allowed to fall on a photographic plate at a small grazing angle 
the effect is clearly seen. If progressive waves are used, blurring 
results. The diffraction of light as it passes through a medium 
traversed by multiple beams of H.F. sound in various directions 
has been studied by Schaefer and Bergmann. § The diffraction 
patterns obtained resemble in some respects the Laue diagrams 
prrxluced by X-ray diffraction in crystals. 

A modification of the Lucas-Biquard method has been intro¬ 
duced by Bachem, Hiedemann and Asbach.|| The optical 
arrangement is the same in essentials, with the difference that not 
the slit, but a plane in the sound wave is seen on the screen or the 
photographic plate. Hiedemann and Siefen^ used this method 
to measure the wave-length spacings of the sound-grating and 
thence to detennine accurately the frequencies of the overtones of 
a quartz oscillator. Hiedemann and his colleagues used the 
device for both stationary and progressive waves. In the latter 
case stroboscopic interruption of the light w'as arranged at the 
same frequency as the oscillation of the quartz. Thi.s was 
achieved by passing polarised light through a Kerr cell actuated 
from the same A.C. supply as that maintaining the quartz in 
vibration. The new technique was used to study the oscillations 
of the quartz itself and the abnormal velocity near the .surface of 

*R. nar, ffelv. Phys. Acta, 9, p. .%7, 1936. 

t Phys. Zeits., 34, p, 734, 1933. See also Phys. Zeits.; 35, p. 26, 1934 ; 
and Z. Phys„ 87, p 442, and 90, p, 322, 1934. 

$ Phys, Zeits., 38, p. 9, 19.37. See also Ultrasonics, Bergmann (Bell). 

S Sitz. Ber. Berlin Akad., pp, 155 and 192, 1934; and Naturwiss., 22, 
p. 685, 1934. See alto L, Bergmann and E. Fues, Zeits. f. Phys,, 109, 
p. 1, 1938. 

\\ Nature, 133, p 176, 1934 ; and Z. Phys., 87, p. 734, 1934. 

H Zeits. f. Phys., 91, p. 413, 1934 ; and Natururiss,, 24, p. 681, 
1936. 
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the vibrating crystal. The various optical arrangements mentioned 
above are illustrated diagrammatically in fig. 75 d. 

Schaefer and Bergmann* have applied a multiple-sound beam 
method (cross-grating) to study the transmission of sound through 



(i) Debye-Scars and Lucas-Biquard 



( 3 ) Hergmann 



( 4 ) Hiedemann 


Fig. 750—H.F. sound in liquids—optical diffraction systems 


transparent solids. It is sufficient to place the solid of whatever 
shape (cube, rhombus, cylinder or prism—the shape is un¬ 
important) in good contact with the vibrating quartz, using a film 

* Sitz. Ber. Berlin Akad., pp. 155 and 192, 1934 ; and Naturwiss., 22, 
p 685, 1934. See also L. Bergmann and F.. Fuea, Zeits. /. Phys., 109, 
p. 1, 1938. 

20 
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of oil between, and adjust the frequency of oscillation until the 
transparent solid body is thrown into resonant vibration. The 
optical diffraction pattern then takes a form characteristic of the 
elastic material through which the sound waves are passing. In 
the case of glass two concentric circles of sharp interference 
points are obtained—the inner circle is ascribed to the elastic 
space-grating generated by the longitudinal waves and the outer 
one to a grating of transverse or shear waves. It is possible from 
the radii of these circles to derive the velocities of these two types 
of waves and thence to deduce the elastic constants of the solid 
medium. Schaefer and Bergrnann have applied this method not 
only to glass, but to anistropic solids, including many varieties of 
transparent crystals. Diffraction iiatterns obtained in this way 
are shown in fig. 75e —for glass, fluorspar, rocksalt, sylvine, and 
lithium fluoride. 

The elastic properties of isotropic solids have been examined by 
optical diffraction methods by R. Bar and A. Walti* and by 
Bez-Bardilif—similar to that illustrated in fig. 75g. The 



Sylvine Lithium Fluoride 

(Schaefer and Bergrnann) 

Fig. 75E 


reflection from and transmission of longitudinal and flexural 
waves through wedges and parallel plates of material made visible 
in the diffraction photographs yields data for the calculation of the 
elastic, constants. In some cases the critical angle, at which total 
reflection takes place, was detennined and the velocity of elastic 

• Helv. Phvs. Acta, 7, p. 658, 1934 ; and 11, p. 397, 1938. 

^Ztits. /. Phys., 96, p 761, 1935. 
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waves in the solid obtained relatively to the velocity in the sur¬ 
rounding liquid (see p, 319). Using the optical ‘Schlieren’ 
method, L. Bergmann* has photographed the light transmitted 
through quartz crystal oscillators vibrating at high harmonic 
frequencies. The crystal section reveals parallel strain bands 
corresponding to harmonics as high as the 287th. A knowledge 
of the frequency of oscillation, obtained by independent electrical 
methods, and the number of nodal planes (seen in the photograph) 
gives the longitudinal velocity and elasticity of quartz. 


VELOCITY OF SOUND WAVES OF 
FINITE AMPLITUDE 


We have assiuned hitherto that the displacement amplitude and 
the condensation are always small, in which case the sound waves 
travel through the medium with velocity t—V k/p without change 
of type. In the majority of cases this assumption is quite justi¬ 
fiable. When the condensation s becomes large, however, as in 
an explosion wave, the velocity may be considerably modified. 
The curve connecting pressure p and density p in the medium 
cannot be regarded as a straight line for large fluctuations about 
lire normal condition. The questi(m has been examined mathe¬ 
matically by Poisson, Stokes, Eamsliaw, Riemann, Rankine, 
Rayleigh, and others,! who show that a progressive wave of finite 
condensation cannot be propagated without change of type, the 
velocity of propagation in any part of the wave lacing dependent 
on the value of the condensation r at that pfint. Referring to the 
equations for the propagation of plane waves (sec pp. 51 and 52) 
we have 


dt- Po dx ' ' 

Now {P/Pq)={pIpq^ for adiabatic changes, and we may write 

P/Po=( 1 + s)=(1 + A )- > = (1 + d^ldz)~ ^ . 

Consequently 




--(r+i) 

% 


• L. Bergmann, pp. 20 and 21, Ultrasonics (Bell, London). 
tSee Rayleigh, Sound, 2, p. 32 et seq.; Lamb, Sound, p. 174 et seq., 
and Hydrodynamics, p. 470. 
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whence 

dt^ Po \ dx) ' dx^ 


( 2 ) 


It will be seen that for small values of {d^ /dx) this equation 
approximates to equation (18), p. 52, for small-amplitude waves 
travelling with a velocity CQ^^/yp^jp^. The value of the velocity 
c for a given value of s relative to the undisturbed medium, as 
given by equation (2), may therefore be written 


or 



c=co(l + s) 2 .... (4) 


In these expressions for the velocity of a condensation s 
we may write s— SpJp • The velocity of propagation, therelore, 
increases with inciease of density or condensiition. I’his results 
in a change of type in the wave as it advances, for the velocity in 
the more highly compressed parts of the wave is greater than in the 
less compressed or rarefied portions. Consequently the parts of the 
wave of greater density gain continuously on tlie parts of smaller 
density. The wave becomes steeper in front and I'lore gradual 
behind as indicated in fig. 7b. Such a process would ultijiiately 
lead to a perpendicular wave-front beyond wliich the analysi.i lias 
no meaning. As Rayleigh points out, this tendency is held in 
check by the divergence of the wave and the influence of attenu¬ 
ation (viscosity and heat conduction), fiolh of which tend to 1 educe 
the condensation and consecjuently the velocity to the ‘normal’ 
or small-amplitude values. Change of type in a progressive wave 
may be illustrated by sea-waves appioac.hine a shelving beach. 

On account of the forward velocity 
of the water near the crests, being 
greater than (hat near the trou.ghs 
{i.e. near the sca-lied), the crests 
gain on the troughs and the wave¬ 
fronts become steeper and steeper 
until they curl over and break. 
An interesting example of large- 
amplitude distortion arises in the 
in sound rejirodurlion. N. W. 



case of loud-speakers used 
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McLachlan in a number of papers* deals with this question 

theoretically. Commencing from the non-linear pv^—comt. 
curve connecting p and Vj it is shown that the velocity 
c=coy /( t/tq ) j where t and to the absolute temperatures 
corresponding to the pressures p and pQ. It follows that the 
temperature at a crest exceeds that at normal pressure, which 
again exceeds that at a trough. In addition to the variation of 
velocity due to change of temperature, there is also the particle 
velocity to be considered. The latter is in the direction of 
propagation at a crest, but opposite at a trough. This gaining of 
the crests over the troughs results in a distortion of wave form, and 
it is readily seen how the second and higher harmonics make their 
appearance in a very loud sound. The wave form is ultimately 
stabilised by viscosity effects. 

Experimental Observations—Measurements of the increase of 
velocity of waves of finite condensation are numerous. Regnault 
(1862-3) found that explosion wave.s in air (contained in pipes, 
sec p. 255) increased in velocity with si?:e of charge, and diminished 
in velocity with increasing distance. He found, as theory antici¬ 
pates, that the limiting velocity at large distances {i.e. small con¬ 
densation) was the same in all cases. The velocity at any point 
distant x from such a source has been calculated by Riemann 
(18.59), and may be stated in the form 



in which A: is a quantity depending on the thickness of the highly 
condensed region of the pressure pulse. It will be seen that the 
velocity of the pulse of finite amplitude approximates to the 
normal ‘small condensation’ velocity co when the distance x from 
the origin is large. The rigorous mathematical treatment of 
waves of large condensation is very complex even when it is limited 
to the case of plane waves. Actually, we have to deal with 
Spherically divergent waves in viscous media, the condensation s 
diminishing as the distance from the source increases. This case 
has received a good deal of attention experimentally, and a 
number of ingenious photographic methods have been devised 

* N. W. McLachlan, Jowrn. Acous. Soc, Amer., 6, p. 275, 1935 ; 
£JV.T., 12, p. 259, 1935 ; Phys. Soc. Proc., 47, p. 644 1935 ; and Wireless 
Engineer^ p. 582. November 1935. See also R. D. Fay, /, Acous. Amer,, 
3, p. 222, 1931. 
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for studying the progress of a highly compressed pulse. The 
first of these to which we shall refer is the ^^Schlieren Method” 
for the observation of atmospheric striae (described on p. 376). In 
1867 Topler* showed by Foucault’s optical meth^ that the 
spark accompanying an impulsive electric discharge, of a Leyden 
jar, produced a highly compressed wave or pulse in the sur¬ 
rounding atmosphere. These experiments were continued by 
his son.f Mach and Gruss4 extending Topler’s experiment, 
demonstrated that this pulse had a velocity greater than that of 
sound and that the velocity increased with increase of spark in¬ 
tensity. The Schliercn method has been employed by W. Payman, 
H. Robinson, and W. C. F. Shepherd,§ who have obtained very 
complete data relative to the velocity and form of the pressure 
pulse emerging from the mouth of a tube, due to the sudden 
release of compressed air or the explosion of a gaseous mixture 
or a detonator. Not only did they obtain ‘instantaneous’ spark 
photographs of the pressure pulse at different instants after 
leaving the tube, but they also obtained a continuous record 
indicating the progress of the wave-front with time and distance 
from the origin. From this record it is simple matter to deduce 



the variation of velocity with distance from the source (the open 
end of the tube). A tracing from such a record is shown in 
fig. 77(a), which indicates the distance x traversed by the pressure 
pulse in any time t. The slope of the curve dx/dt at any point x 

* Ann, der Physik, 131, p. 3.^, 1867. 

27 pp. 1043, 1051, 1958 
t Wien Ber., 78, 2, p. 467, 1879. 

3 Safety of Mines Research Board, Papers Nos. 18 and 29, 1926. See 
also W. Payraaii and D. W. Woodhead, Roy, Soc. Proc., A, 132, p. 206, 
1931, arid 148, p. 604, 1935. 






VELOCITY OF WAVES OF FINITE AMPLITUDE 297 


from the origin indicates the instantaneous velocity at that point. 
The derived curve, fig. 77 (6), in which dxjdt is plotted as a 
function of jc, therefore indicates the variation of velocity with 
distance from tlie source.* It will be seen that the velocity of 
the cofnpressed spherical pulse falls from 1150 metres/sec. at the 
source (the raoutli of the tube) to about 380 metres/sec. at 30 cm. 
distance. The spherical wave was still obseived 6 metres away, 
or about 0*03 second after firing the charge, its speed, 360 
metres/sec., being then slightly greater than the normal velocity 
of sound, although the gaseous products of the detonation ceased 
to move forward beyond a distance of 1 metre. ‘Following- 
waves’ due to the reflected pulse from the opposite end of the 
detonating tube were also recorded, the velocities being dependent 
on the composition of the burnt gases. Waves produced by so»lid 
particles travelling at high speed (600 to 800 metres/sec.) and 
breaking through the main ‘sound wave’ are clearly shown in 
some of the photographs. 

The second photographic method of observing the jirogress of 
high-velocity impulses is known as Dvorak’s Shadow Method^ 
(described on p. 37-4). This method is more direct and has been 
more frequently used than the Schlieren method. C. V. BoysJ 
in 1892 obtained photographs of bullets in flight, and the accom¬ 
panying pressure waves in the air, by the shadow'^ method. 
Similar photographs have been obtained more recently by Quayle§ 
and by Cranz.j| Foley^ used the method to photograph the 
pressure pulse sent out from an intense electric spark. The 
shadow of the high-pressure region forming the envelope of 
the pulse was photographed at known short time-intervals after 
the instant of production of the spark, and the variation of velocity 
with distance deduced therefrom. It was found that the velocity 
varied from 660 rnetres/sec. at a distance of 3*2 mm. from the 
spark to 380 metres/sec. at 18 mrn. distance. 

In all the experimental detenninations to which we have re¬ 
ferred the wave of finite amplitude consisted of a single pulse, 
produced by sudden release of compressed gas or by some form 
of explosive impulse. Little or no infonnation is available 
relative to the variation of velocity of continuous waves with 


* See also E. Jones, Proc. Roy. Soc., 120, p. 603, 1928. 
t Ann. d. Physik, 9, p. 502, 1880. t Nature. 47, pp. 415, 440, 1893. 
§/ourn. Frmklin Inst., 193, p. 627, 1923, and Nature, 115, p. 765, 1925. 
II Lehrhuck der BMistik, 2, Berlin, 1926. 

^Pkys. Rev. 35, p. 373, 1912, 16, p. 449, 1920, and Nat. Acad. Sci. 
Proc., 6, p. 310, 1920. 
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condensation, although it is well known that the change of wave¬ 
form as a wave of finite amplitude advances has an important 
bearing on the efficiency of powerful sound generators used in 
long-range signalling. In this connection it may be well to 
emphasise the distinction between a wave of large ‘amplitude" and 
a wave of large ‘condensation’ A wave of frequency N=100 p.p.s. 
and amplitude crn. would generally be regarded as having 

a small amplitude, yet the same amplitude in a wave of frequency 
N=10® p.p.s. would be considered laige. The important dis¬ 

tinction lies, however, in the jxirticle-velocity u (or the condensa¬ 
tion j). In the former case the maximum value of u=:2irNa= 
0*0628 cm./sec., whereas in the latter zf=628 cm./sec. ; the corr¬ 
esponding values of maximum condensation s=2‘irNa/c being 
1*9X10"® and 0*019 respectively, if air is the medium of trans¬ 
mission (6'=:3*3X10^ cm./sec.). At the low frequency, therefore, 

the condensation is very small and the wave-velocity will have 
the nonnal value for small-arnplitude waves, whereas at the high 
frequency the condensation must be regarded as ‘finite’ and the 
wave-velocity greater than normal. C. D. Reid,* working in 

Pierce’s laboraton,’, observed by the stationary-wave method that 
the velocity of high-frequency sound waves in air was greater 
near the source than further away—the velocity falling off 
asymptotically from 332*4 m./sec. at 20 wave-lengths from the 
source to 331*6 m./sec. at distances exceeding 100 wave-lengths 
from the vibrating surface. The same general result was obtained 
at all frequencies between 40 and 216 kc./sec. The cause of the 
rise of velocity near the source wras not ascertained with certainty, 
and it was considered doubtful whether it was due to an intensity 
effect. T. C. Hebbf has reported a similar rise of velocity near 
the source in the case of sound waves of audible frequency, but 
here again no explanation was given. There is evidently scope 
for further research in this direction, and Pierce’s method seems 
ideal for the purpose. To study the variation of velocity with 
condensation it will be necessary to make simultaneous observa¬ 
tions of amplitude, frequency, and wave velocity. 

V. Timbrellt has described a method of generating shock waves 
by discharging a condenser through the moving coil of a loud¬ 
speaker. 'The wave thus produced distorts as it travels through a 
long tube. The change of form of the wave as it advances is 
observed by an optical interferometer method. The excess 

• PhyA Rev., 35, p. 814, 1930 ; and 37. p. 1147, 1931. 

fPhys. Rev., 20, p. 89, 1905. 

XlVature, 172, 540, Sept. 19, 1953, and 167, 306, Ffb. 1951. 
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pressure in the wave was of the order of 10^ dyneS/cm.* The 
change in shape of the wave-front was in agreement with theory, 
and die velocity of propagation of the shock front which developed, 
of strength AP, was slightly higher than the theoretical value 
^(y •+•1) AP/2 yP. Using an improved form of Timbrell’s apparatus 
T, F. W. Embleton and G. J. Barber* have studied the behaviour 
of sound pulses of finite amplitude in which the leading half cycle 
is one of rarefaction. This type could be formed either by direct 
generation at the loud-speaker or by the reflection of a leading 
compression pulse at the open end of the tube. 

E. G. Richardsonf has produced pulses of large amplitude 
sound waves in tubes by the simple method of expelling a tightly 
fitting wooden piston under excess pressure. Records of the 
damped train of sound waves obtained in this way, in air and in 
CO 2 , show that the damping per wavelength increases rapidly 
(as much as 10 times the value deduced from KirchhofFs fonnula) 
as the pressure amplitude increases from I'l to 4X10® dynes/cm.^ 
A diamond scratch recorder was used to record the damped 
oscillations. No definite increase of vel(x:ity with increase of 
pressure amplitude could be detected. 

Shock waves of velocity exceeding that of normal sound also 
emanate from high-speed projectiles and aircraft (see p. 301). 

Sounds from High-speed Projectiles. "Onde de Choc’ (or 

‘Onde balistique ')—One of the best examples of the propagation 
of a pressure pulse with a velocity greater than nonnal, is provided 
by a high-speed bullet in its flight through the air. A bullet 
travelling at low' speeds (less than co) compresses the air in front 
of it and a spherical sound wave of normal velocity is transmitted. 
If, however, the speed of the bullet exceeds the velocity of sound, 
the condensation at the nose can be transmitted laterally but not 
forwards. Photographs of bullets in flight, taken by Boys, Cranz, 
Quayle, and others J by spark photography, re eal some very 
interesting features (see fig. 78, photo by Cranz). The photo¬ 
graph shows clearly the existence of two wave-fronts somewhat 
conical in shape, one from the nose and the other from the base 
of the bullet. The wave from the base must also be a wave of 
condensation ; for Rayleigh has shown that the only kind of wave 
of finite amplitude which can be maintained is one of condensa¬ 
tion. The detailed structure of the envelope of the wave, as 

* Nature. 172, 107.5, Dec. 5, 19.53. 

t Proc. Math, and Phys. Soc. Egypt, 3, No. 3, 1947. 

j Lor. cit., p. 267. 
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revealed by" th& photograph, confirms this conclusion. At present, 
however, we are mainly concerned with the ‘bow’ wave from the 
nose of the projectile. This can be simply explained by Huyghens’ 
principle (see p. 67). It is clearly the envelope of spherical waves 
which originate at the nose of the bullet at successive instants in 
its flight. If these were ‘small-amplitude’ waves—that is, if the 
condensation at the nose of the bullet could be regarded as small— 



I' k;. 7 S ■ Photof’i aph of a high-speed Bullet in Flight 

(I!v ioiiit('..\' of I’jof W. t 1.111/1 


the envelope would be a cone of semi-angle B given by sin B~cfv^ 
where c is the velocity of sound and v the velocity of the bullet. 
When V is less than c, the angle 6 is imaginary and the spherical 
waves have no envelope—that is, no wave-front is formed. Now 
the condensation at the nose of the bullet is finite, and as a con¬ 
sequence the velocity of propagation is greater than the normal 
velocity of sound. The nearer to the nose of the bullet, the 
greater this effect will be—that is, the angle 0 of the ‘cone’ will 
increase towards the nose of the bullet. The actual wave-front 
under such conditions will therefore be a blunted cone, and this 
is what is actually observed (see fig. 78). The ‘blunting’ effect 
is increased the flatter the nose of the bullet, for the condensation 
is then much greater than that due to a sharp-nosed bullet. 
(The vortex eddies in the w'ake of the bullet are of interest, see 
p. 218.) 

When a bullet or shell, travelling with a velocity greater than 
sound, passes an observer it makes a sound like the ‘crack’ of an 
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explosion. This is described by the French as Onde de choc or 
Onde balistique* 

Aircraft can now fly at speeds greater than that of sound, and 
shock waves can be heard by observers on the ground. The ratio 
v/c, velocity of aircraft/velocity of sound, is referred to as the 
*mach number.* When the ratio exceeds unity a shock wave 
develops and there is also a change in the conditions of airflow 
past the solid surfaces of the aircraft—this is often referred to as 
the ‘sound barrier.* 


CHANGE OF MEDIUM 
{A) Reflection 


When a wave of sound meets the bounding surface between 
two different media it is partially reflected, and a wave travels 
in the negative direction through tiic incident medium with 
the same velocity as it approarlied the boundary. The geo¬ 
metrical laws of reflection of sound waves are the same as apply 
to light waves, the angles of incidence and reflection being equal 
and in the same plane. In many cases, however, the length of 
the sound waves is comparable vvitli the linear dimensions of 
reflecting objects, when the geometrical laws cease to apply and 
the phenomena must be regarded essentially as diffraction. For 
the present, however, we shall assume the wave-length small 
compared with the dimensions of reflectors, the ordinary' laws of 
geometrical optics being applit^hle. 


Reflection of Plane Waves at the Boundary of Two Extended 
Media—The geometrical law'.s of relleriion and refraction follow 
directly from the facts that the velocity in each medium is indepen¬ 
dent of the direction of the wave-front and that the traces of all 
wave-fronts on the plane of separation have equal velocities. 
Consequently, if 0i, 6 ^, and 62 are the angles of inc.dence, reflec¬ 
tion, and refraction respectively (see fig. 79), we must have 


sin Oi 
C\ 

and 


sin sin 6 > 

Cl C2 

sin di _ Cl 
sin $2 C 2 


, or 0i~9 ^ the law nf re flection 
, the law of refraction. 


( 1 ) 


At the boundary of the two media it is necessary (a) that the 
component of particle velocity ^ normal to the bounding surface 


* See E. Esclangon, VAcoustiqne des canons et des projectiles (Gautier* 
Villars, Paris). 
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must be continuous, and (6) that the pressure-variation must also 
be continuous. If suffixes r, and i refer respectively to the incident, 

reflected, and transmitted waves, and i 
and 2 refer to the incident and transmitt¬ 
ing media, we may write for condition (a), 

^(cos 6j cos cos 9 2 (2) 

and for condition (i>), 

Spi + Spr”or since £ cp| 
(see equation (25), p. 55) 

CiP i^i ~ C iP\$r — Ct2p‘2^t • (3) 

the negative sign in the second term of this equation indicating the 
reversed direction of propagation of the reflected wave. Elimin¬ 
ating from (2) and (3) we obtain 

~ CiPi cos fta ^ 

C. 2 P 2 cos +01^1 COH $2 

Similarly, by elimination of we find 



Fio. 79 


__ _ 

C2P2 cos flj +C,P I cos ©2) 


These expressions not only represent the condition at the boundary, 
but also at corresponding points in the respective waves. They 
are obtained without assumptions regarding wave-length and phase 
and are therefore applicable to waves of any type whatever. 

At Normal Incidence diz=$2—-0 — If we denote the radiation 
resistance pc by R, the expressions for the reflected and transmitted 
waves become respectively 


Ir_Ri—Rj 

R1+R2 


(6a) 


_, 

ii R1+R2 


(6fc) 


According to the principle of reversibility^* if all velocities in a 
dynamical system are reversed and there is no dissipation of energy. 


* See Schuster’s Optics, p. 45 . 
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the whole previous motion is reversed. Consequently if the 

sound wave be now transmitted from medium (2) to medium (1) 

we have 


<21—r-- and • • ( 7 ) 

li] + XV 2 

which is independent of any assumption as to change of phase at 
reflection. If la. 1* represent the enegy in the incident, 

reflected, and transmitted waves respectively, then 1^— 

It would be wrong to conclude from this that 
because the squares of amplitudes only express relative intensities 
in media of the same radiation resistance. The energy in a wave is 
proportional to cp^ (see equation (27), p. 55), consequently we 
may write 

C)Pil<®=CjPi^r® 4-CoPo||‘‘^, 


that is, 




" B, - 


or 




R. 


12 


( 8 ) 


Defining the normal reflection coefficient as the ratio of reflected 
to incident energy^ we must regard <i 2 ^( 1 ^ 2 /B.i) as the nomial 
transmission coefficient. 

Phase Changes on Reflection —Referring to equation (6a), it is 
important to observe (a) when there is no reflected wave, 

the transmission to the second medium being complete ; (b) when 
Ri'^Ri the radiation resistance in the first medium being less 
than in the second {e.g. air to water), the particle-velocity is 
negative, i.e. reversed in phase. The phase of the condensation 
Sr ” Ir however, remains unchanged because both $ and c are 
reversed in sign in the reflected wave, (c) when i? 2 <i?i {^-g- water 
to air), the phase of the particle-velocity remaii s unchanged, 
but the phase of the condensation is reversed. Equation (6) may 
therefoiie be written 


and 


8f Bp BI 
St Rj 4- R 2 


(9a) 


if =3 ’ — 

S( Bj 4 Rg 


(96) 


The phase of the transmitted wave is unaffected in all CRse^. 
When the sound wave travels from a medium of low velocity ci 
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to a medium of higher velocity cz (i.e. C 2 >ci), we see from equa¬ 
tion (1) that there will be a critical angle of incidence $i when 02 
becomes 90°—that is, when sin Oi—ci/a, beyond which there is 
total reflection. On account of the greater velocity of sound in 
water, total reflection may occur when the waves are incident from 
air on water, but not from water to air. 

To illustrate the application of the above equations, take the 
case of transmission from air to water. At normal incidence 
equations (6fl) and {9a) are applicable. For air Ri“/(>ici=40, 
and for water R 2 = p2^2=l*5Xlt^i whence the ratio of reflected to 
incident amplitudes is O’9994, indicating almost total reflection. 
The phase of the condensation is unchanged (see equation (O^i)), 
whilst that of the particle-velocity is reversed (the nodal condition). 
From water to air the reflection coefficient is again almost unity, 
but the condensation is now reversed in phase, whilst that of the 
particle-velocity is unchanged (the antinodal condition). In 
practically all cases of sound transmission from a gaseous to a 
solid or a liquid medium (or vice versa), i.e. whenever the radiation 
resistances are widely different, there is almost complete reflection. 
The difficulty of transmitting sounds from water {e.g. the noise of 
a ship’s propeller in the sea) to the air-filled ear-cavity of an 
observer will be apparent. Transmission from a liquid to a solid, 
however, is much more favourable, for now Ri becomes com¬ 
parable with Ra. Take, for example, sound waves passing from 
water to steel where Ri=:r5Xl0® and R2=7'8X5X10®=:3*9X10* 
respectively. Here we find f=0*925, repiecenting a reflection 
coefficient r® of 85 per cent., and a tran.sini.ssion of 15 per cent, of 
the incident energy. Similarly from w^ater to oak, where R 2 = 
3*4X10® we find r=0’39, r^=0* 15, and 85 per cent, of the energy 
is transmitted. From water to steel ci/c2=0’33, whence the 
critical angle sin ^ 0*33 is 194" ; from air to water ct/c2=0'22 and 
sin"* 0*22 is 13°. In the latter case, as we have already seen, the 
reflection is almost total, even at normal incidence. Such calcula¬ 
tions have an important bearing on the possibility of detection of 
objects under water, such as wrecks or icebergs, by echo methods* 
(see pp. 158 and 515). The density of ice is about 0*92 and the 
velocity of sound in it has been estimated at 2*IX10®, giving a value 
of R 2 —rOXlO®, whence the reflection coefficient r® from sea-water 
to ice is 0*027. The possibility of detecting pure ice under watei 
by sound reflection methods would, on this estimate, be negligibly 

*SeS Papers by Boyle and Reed, and Boyle and Taylor, Trans. Roy, 
Soc. Canada, 3, pp. 233 and 245, 1926. 
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small. Actually^ however, an iceberg contains large inclusions o£ 
rock and air-cavities, both of which are much more effective than 
ice as reflectors of sound in water. It is these inclusions which 
make it possible to detect icebergs by echo methods.* 

Method of Images —A convenient method of regarding 
problems in the reflection of sound employs the optical analogue 
of ‘images.’ A source of sound on one side of the plane boundary 
between two extended media may be regarded as having an image 
at an equivalent distance on the other .side of the boundary. The 
resultant effect at any point in the first medium will then be 
made up of the sum of the effects due to the source and its image. 
It is important to attach the correct phase to the vibrations of the 
image with respect to the actual source. Thus if a sound wave 
in air is reflected from a solid wall or a water surface {i.e. if 
the image will be exactly similar to the source and at 
a distant point, almost equidistant from the source and the image, 
there will be reinforcement of the sound received, due to the 
presence of the reflector. If, however, the sound source is under 
Water and its image is in air (Rt>R2); the phase of the image will 
be opposite to that of the source. At a distant point, therefore, 
when the paths of the direct and reflected sounds are nearly equal, 
the resultant effect would be approximately zero, Tlus result has 
an important bearing on the long-range transmission of sound 
through the sea. At smaller distances from the source inter¬ 
ference phenomena (see pp. 328 and 331) are observed analogous 
to IJoyd’s interference bands in Optics. 

Reflection of Plane Waves from a Plate of Finite Thick¬ 
ness —This is an extension of the case we have just considered, 
the thickness of the second medium now being limited. The case 
of greatest interest and practical importance is that in which a 
slab of solid material is immersed in an ‘infinite’ medium. The 
mathematical treatment is analogous to the optical case of multiple 
reflection in a thick slab of glass, the boundary conditions, pressure 
and particle-velocity relations, being similar to those just considered. 
Rayleighf has derived the ratio of reflected to incident amplitudes 
at normal incidence, and more recently R. W. Boyle and W. F. 
Rawlinsont have extended the analysis to any angle of inci¬ 
dence. We shall be content with a quotation of Rayleigh’s result, 

* See Papers by Boyle and Reed, and Boyle and Taylor, Trans Roy, 
Soe, Canada, 3, pp. 233 and 245, 1926. 

f Sound, 2, pp. 87, 88. 

t Trans. Roy. Soe. Canada, 22, 3, p. 55, 1928. 
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making the necessary changes in nomenclature. Thus for normal 
incidence ; 




)!{ 


’4 cot 



U2 Ri/ / 


. . ( 10 ) 


where and refer as before to the reflected and incident ampli¬ 
tudes, Ri and R 2 {=p^Cl and p.j c^) are the acoustic resistances of 
the medium (1) and the plate (2) respectively, I is the thickness, 
and X the wave-length of the sound in the material of the plate. 
The transmitted energy may readily be deduced from equations 
(8) and (10), if we assume there is no loss of energy due to absorp¬ 
tion. It will be seen that the reflected amplitude varies between 
zero and a maximum amplitude as the thickness of the plate 
varies. The velocity of sound in most solids is greater than in 
Liquids or gases, consequently for a solid plate in a fluid medium 
we may in general write C 2 >ci. In such a case equation (10) 
shows that cot^ (2ir//A) is infinite, and consequently the reflected 
amplitude is zero, whenever I is zero or a multiple of X/2. A 
half-wave plate theiefore reflects none and transmits all the incident 
energy. When I is an odd multiple of X/4 the value of cot^ (2irZ/ \) 
is zero, and the reflected amplitude is a maximum. A quarter- 
wave plate therefore reflects a maximum and transmits a minimum 
of the incident sound energy. In this case equation (10) reduces to 



Ri^-Ra^ 


(when Z=r:mA/4 and r,i is odd) . 


( 11 ) 


The square of this ratio (r-) is the energy reflection-coefficient. 

These deductions are exhi¬ 
bited graphically in fig. 80, 
taken from Boyle and Raw- 
linson’s paper. The curves 
refer to large plates of dur¬ 
alumin immersed in water. 
The thickness I is expressed 
as a ratio of the wave-length 
X of the sound in the metal. 
Assuming ci= 1*5X10®, pj 
=r0 for water and C 2 .~ 
6‘5X10®, p2=2*8 for du¬ 
ralumin, then Ri=1*5 X 
10®, R 2 = 18*2X10®. At a frequency of 10® p.p.s., therefore, a plate 
of duralumin about 1*8 cm. thick would reflect over 97 per cent, of 
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the sound energy incident normally upon it. These relations for the 
reflection of plane waves from flat plates have been vetilied experi¬ 
mentally by Boyle and Lehmann.* They used a quartz oscillator 
(see pp. 152 to 159) as the source of sound under water, at a fre¬ 
quency of 135,000 p.p.s., 'and measured the reflected energy by the 
torsion pendulum method (see p. 470). A number of torsion vanes 
were made of lead of different thicknesses, the energy reflected from 
the vane at first increasing rapidly with increasing thickness, remain¬ 
ing practically constant (from l—O’ 1 to 0*4 ) at approximately 100 
per cent, reflection until the half wave-length thickness (0‘765 cm.) 
was approached. I'he critical angle of icital reflection was also 
determirred. I'he results were found to be in general agreement 
with the tlieory. Interesting practical examples of partitions 
transmitting rnora energy with increase of lliickije.ss are mentioned 
in experiments by 'W^atsonf on sound-preof jrartitions. Slabs of 
cork, each ^ in. thick, closed the doorway of a room in which 
an organ pipe wrrs emitting sound. A thickness of tiva slabs of 
this board was found to rtfh.cl less and tra rniit more .sound than 
cither one or three slabs of the same material. Such examples, 
how'cver, should be regarded ^\ith caution ; for deductions are 
rendered uncertain by absorption in the material and by the 
jjossibility of excitation of transverse vil)rations. whereas the theory 
assumes only longitudinal vibration. 

7'he transmission of srnind tliiongh thin partitions at oblique 
incidence has been examiiKcl theorcticall) by L. Cremer.f At 
norma! incidence the transmission of sound through a iiartition 
agrees with Rayleigh’s theory, iuchcalrng that a thin wall behaves 
like a rigid body. 4’hat is, the jjrcssuie dilfeience 3p only 
accelerates the mass pei unit area 

8 [) ^ . . (l) 

(where p is the density, h the thickness and u lire d splacenient). 
If, how'cvcr, the sound wave falls on the partition at an oblique 
angle, transverse waves are set irp and the transmission through 
and/or reflection from the partition will vary with wavelcngtli A 
of the sound and angle of incidence 6. The sound pre.ssure acting 
along the partition will vary with the ‘wave-pitch’ ;./siii 6. The 
bending forces on the partition set up waves in it and elastic 

* Trans. Roy Soc. Canada, 21, 3, p 115, 1927. 

i* Vniversity oj Illinois, Hull., 127. 

i Akust. Zeits., 7, 81. 1942 ; Arch, eleciru. Ubertragiing, 1. 28, 1947 ; an4 
Phys, Soc, (London) Symposium, ‘Nois^j and Sound Transmission,’ p, 23, 
1948. 
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forces are called into play (see fig. 80 a). Equation (1) becomes 


^ as 

dx* 


( 2 ) 


where E is Young’s modulus, a Poisson’s ratio and x is in the plane 
of the partition. 



If the wave pitch WP is equal to the wavelength of transverse 
weaves of frequency N in the partition 

X/sin 0 = A( 

the inertia and stiffness factors, in opposite phase, will cancel. 
Multiplying by the frequency N, 

NA/ain 0 —NA* or c/cfsin 6 ('3) 

where c is the velocity of sound in the medium in which the 
partition is immersed, and c, is the transverse phase velocity of 
waves of frequency N in the partition. The same result is derived 
from equation (2) in which the right-hand side vanishes for the 
free oscillation of the partition. Consequently the pressure 
difference 8p is also zero, and the sound is transmitted through the 
partition without loss of amplitude. 

The simple equation (3) was also obtained by the writer in 1934 
in an attempt to explain non-Rayleigh transmission, at varying 
angles of incidence, through thin sheet materials in water. Trans¬ 
verse velocity measurements were made in air (see p. 285), but 
when these values were applied to equation (3) it was found, for 
the range of frequencies and sheet thicknesses employed, that the 
ratio Cu,/c , was always greater than unity and therefore 6 was 
imaginary. This difficulty arises from the fact that the velocity 
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of sound in water is about 4* * * § 5 times that in air and as Ct is 
proportional to {Nt)\ approximately, large values of frequency 
N and/or sheet thickness ^ are required to make B real. 
F. H. Saunders* when working at much higher frequencies 
(2-6 Mc./sec.) obtained results agreeing with a theory due to 
H. Reissner.f Attempts to measure the velocity of transverse waves 
in a sheet whilst immersed in water were not very successful and 
calculations must allow for the water-load. The flexural vibrations 
might be reduced either by coating the sheets with high-viscosity 
plastic material or by suitably grooving the sheet to discourage 
transverse vibration in the desired frequency band. 

The reflection and transmission of H.I*. sound waves through 
thin sheet materials has been beautifully demonstrated by A. 
SchochJ using a small-scale apparatus mounted in a Schlieren 
optical system. The theory of transmission through thin plates is 
developed for laterally limited beams and making allowance for 
transverse waves in the sheet. Experiments are described using 
frequencies 5‘5 and 16 Mc./sec. with aluminium plates of thick¬ 
nesses 0*1, 0*19 and 0*43 mm. immersed in xylol. The Schlieren 
photographs show clearly the reflected and transmitted beams, and 
at a certain angle almost total transmission. The photographs 
also show clearly the radiation from the free edge of the plate. 
In the case of sound reflected from a single solid surface (a thick 
layer) it is shown theoretically that a relatively large lateral 
displacement of the beam at reflection occurs if such an angle 
of incidence is chosen that a Rayleigh surface wave is 
excited in the solid medium. Schlieren photographs show total 
reflection from alun)inium in xylol at frequencies of 5*5 and 16 
Mc./sec. at angles of incidence a little greater, equal to, and a 
little less than the calculated angle. At this angle (sin~ * B=c/v(^ 
where c is the ordinary sound velocity and Wr is the velocity of the 
Rayleigh surface uave in Al) the reflected bean is displaced 
laterally along the Al surface ; in one example shown at 
5*5 Mc./sec. the beam is displaced a distance equal to its full 
width. The values of 9 are for w'ater-Al 31° and for xylol-Al 27°, 
in agreement with calculation. A. Schoch and K. Feher§ have 
measured the transmission of sound through single layer partitions 

• Canadian J. Res., l7-^, 179, 1939 See also J. Otz, Akust. Z., 8 , 
145, 1943. 

Helv Phys. Acta, 11, 140, 19.35. 

i AcUitica, 2, 1. 1952, and 2, 18, 1952 ; also Nuovo Cimeme, 7, No. 2, 
1950. 

§ Acustica, 2, 189, 1952. 
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using small-scale models. Their results show the importance 
of the transverse wave effect {‘coincidence’ effect) as well as 
the additional ‘transmitted’ waves caused by the boundaries 
of tile partition. J. B. Smyth and R. B. Lindsay* have in¬ 
vestigated both theoretically and experimentally the transmission 
of H. F. sound waves at oblique incidence through a solid plate 
in water, and reflection from a pile of parallel equispaced plates 
of glass in water. 

Reflection from a Succession of Thin Parallel Laminae— 

Tyndallf demonstrated by means of a high-pitched sound and a 
sensitive flame that a material like muslin, consisting of a net¬ 
work of fine threads, transmitted the greater part of the sound 
incident upon it, only a small proportion being reflected. If, 
however, the muslin be wetted, so as to close Uic meshes of the 
net, the amount reflected is considerably increaseo. In explain¬ 
ing the phenomena of iridescence in certain crystals Rayleigh^ 
utilised the partial reflection of sound from dry muslin to illustrate 
an important principle. “If a pure tone of liigh (inaudible) 
pitch be reflected from a single sheel so as to impinge upon a 
sensitive flame, the intensity will probably be insufficient to pro¬ 
duce a visible effect. If, however, a moderate number of such 
sheets be placed parallel to one another and at such equal distances 
apart that the partial reflections agree in phase, then the flame 
will be powerfully affected. The parallelism and equidistance 
of the sheets may be maintained mechanically by a lazy-tongs 
arrangement, which nevertheless allows the common distance to 
be varied. It is then easy to trace the dependence of the action 
upon the accommodation of the interval to the wave-length of the 
sound. Thus if the incidence were perpendicular, the flame 
would be most pmvcrfully influenced when the interval between 
adjacent sheets was equal to the half wave-length ; and although 
the exigencies of experiment make it necessary' to introduce 
obliquity, allowance for this is readily made.” The experiment 
has been more recently utilised by W. H. Bragg§ to illustrate the 
reflection of X-rays from successive parallel planes of atoms in 
crystals. As a means of measuring the wave-length and frequency 
of inaudible sounds in air the method should be quite as effective 
as the more generally known stationary-wave method. In fact, 
it should be more instructive, for the parallel planes ^ervc as a 

* /. Ac. Soc. Amer., 16, 20, 1944. 

t Sound. 

t Sound, 2, p. 311, Proc. Roy. Inst., April 1889 ; Phil. Mag., 24, p. 145, 
1887, and 26, p. 256, 1888. § Il.T. Lectures^ 
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reflection grating (of the ‘crystal’ type) for analysing a complex 
high-frequency sound, the different wave-lengths having their 
maxima at different angles of reflection, or corresponding to 
different spacing distances of the reflecting laminae. In the 
proposed arrangement shown in fig, 81 {a) S is a source of high- 
frequency sound (a Galton’s 
whistle or a Picice’s oscillating 
quartz crystal) at llie Adcus of a 
concave mirror Mi which renders 
the sound beam practically par¬ 
allel. This beam falls on the 
‘muslin’ sheets LiLi, T 2 L 2 J etc., 
and, after reflection, is collected 
by a second concave mirror 
M 2 and focussed on a sensitive 
flame I'. If 0 is the angle of in¬ 
cidence and d the ‘spacing dis¬ 
tance’ of the planes, then the 
difference of path between a ray 
reflected at the first and second 
surfaces is CB-|-ffD in fig. 81 {b). 

From the construction shown it is evident that CB—BD, and the 
path difference is 2d cos 6. The maximum effect is obtained at F 
therefore when this quantity is equal to an integial number m of 
wave-lengths A—that is, 



wA = 2d cos 0, 

The value of A may be found by varying the angle 0 as in the 
spectrometer method, or by varying the distance apart of the 
reflecting planes with the lazy-tongs arrangement. 

Stationary Waves—When plane waves are reflected at normal 
incidence from the interface formed by two difl’erent media, a 
reflected wave travels back into the incident medium and ‘inter¬ 
feres’ with the oncoming incident wave. W’e have made frequent 
reference to such an effect in relation to the transverse vibrations 
of strings (p. 90) and to the longitudinal vibrations of rods (p. 142) 
and of gas columns in tubes (p. 180). The same mathematical 
treatment is also applicable to extended media. Consider a wave 
of displacement i~a cos k{ct —at), where A:“27r/A ==27rN/c, 
advancing in the incident meidum towards the surface of separation 
(^f=0). A similar wave in the opposite direction would be 
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represented by f=a cos k{ct-{-x). We shall now refer to two 
important cases in both of which perfect reflection is assumed, Le, 
the acoustic resistances Ri and Ra are widely different. 

Case I — ‘Fixed' End. Ra much greater than Ri {e.g. 
transmission through a gas to a liquid or a solid reflector). In 
order to make the displacement f—0 at the interface Ar=:0, the 
resultant amplitude obtained by addition of the direct and reflected 
amplitudes is 

^~a cos k{ct — x)~-a cos k{ct-{-x). 

(This is the condition for the fixed end of a string or the closed 
end of an air column.) On reduction this becomes 

I—2a sin {kct) sin {kx) . . • (1) 

representing a system of stationary waves, of amplitude varying 
between 0 and 2a, with time t and with distance x measured from 
the boundary (x=::0), where f is always zero. 

Case II- ‘Free' End. Ri much greater than Ra {e.g. trans¬ 
mission through a liquid or solid medium to a gaseous reflector). 
In this case the displacement ^ is a maximum (and the condensa¬ 
tion d^/dx—O) when x=0. Consequently the resultant amplitude 
is given by 

^=ra cos k{ct — x)-^a cos k{ct-\-x). 

(This condition is approximately fulfilled at the open end of a 
pipe, or the free end of a rod.) The cxprec-sion for ^ may be 
written 

^~2a cos {kct) cos {kx) . . (2) 

representing a system of stationary v/aves with an antinode at the 
boundary (x=0). 

A third case, of considerable practical importance, arises when 
the reflection from the bounding .surface of the two media is not 
perfect, the reflected amplitude being less than the incident 
amplitude. 

Case III — Imperfect Reflection. (Fixed or Free End.) We 
shall regard the bounding surface to be in the nature of a fixed 
end R 2 >Ri, allowing a proportion of the incident sound energy 
to be transmitted or absorbed by tlie reflecting medium. The 
procedure for a free end reflector is similar. Denoting the incident 
and reflected amplitudes by a and r respectively, the resultant 
displacement will be given by 

cos k{ct — x)-~r cos k{ct-{-x)^ 
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which becomes 

^=:(a-}-r) sin kct sin kx~{-{a — r) cos kct cos kx . (3) 

The motion may thus be regarded as being due to two superposed 
stationary waves, of amplitude (c+r) and (a—r), the nodes and 
antinodes of one being a quarter of a wave-length {or 7r/2) distant 
from the nodes and antinodes of the other. This results in a 
series of positions of maximum {«+r) and minimum {a — r) 
amplitude {^pseudo’ nodes and antinodes) a quarter of a wave¬ 
length apart. In the case of perfect reflection r—a, the expression 
(3) for ^ becomes identical with (1). If we write < = (a4-r) and 
/3 =:(fl—r), then the reflection coefficient (see p. 303) will be 



an expression in terms of the ratio { Hj^ ) of ininimum/rnaximum 
amplitude in the stationary wave. This serves as a basis for 
experimental methods of measuring the reflecting properties of 
materials, and their absorption or transmission properties also. 
We shall refer to such measurements later (see pp. 3.58 and 535). 

The demonstration of stationary waves in air or other gases by 
means of high-frequency sounds reflected normally from a plane 
surface has already been mentioned {see Rayleigh’s ‘bird call’ 
experiment, p. 221, and Pierce’s piezo-electric observations, p. 274). 
We have also referred to Boyle and Lehmann’s demonstration of 
stationary waves in water (p. 276) and the measurements of Wood 
and Loomis with stationary waves in various other liquids* (p. 276). 
See also fig. 87. 

Echoes —The direct reflection of a sound of short duration 
from a surface of large area such as the wall of a building or a 
cliff is generally described as an echo.f The echo's only appreci¬ 
ated by the ear, however, if the time-interval separating the direct 
and reflected sounds is of the order of one-tenth of a second or 
more. In such cases the best echoes arc obtained when the 
dimensions cf the reflector are large cotuparecl with the wave¬ 
length of the incident sound. Thus a sharp crack or a sound of 
an impulsive nature gives a loud and clear echo, whereas with a 
low-pitched sound of long wave-length the echo may be scarcely 
perceptible. Simple echoes from surfaces of large area have been 

* See also F. L. Hopwood. Journ. Sci. fnsirs., Feb. 1929. 

+ Many interesting examples of ‘coho’ are given in Tyndall’s Sounds 
p. 17. 
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utilised under certain circumstances as a convenient means of 
measuring a distance in terms of the known velocity of sound c 
in the medium and the time-interval t for the sound to ‘go and 
return’ to the observer, i.e, the distance d from the reflector is 
ct/2. The height of an airship above the ground or the depth of 
the sea-bed beneath a ship may be found in this way (see p. 510), 
Under certain circumstances, however, the echo is different in 
character from the incident wave, the character of the reflection 
depending on the nature and position of the reflecting surface in 

its relation to the wave-fonn of the sound falling upon it. 

Reverberation in large halls or auditoriums is due to multiple 
reflections of the speaker or singer’s voice from the walls, floors, 
and ceiling. We shall consider the practical aspect of such rever¬ 
beration when dealing with the acoustic properties of buildings 
(see p. 531). 

Scattering of Sound. Harmonic Echoes—As the wave¬ 
length of the sound diminishes the effectiveness of a small reflector 
improves. If therefore the incident sound is complex, consisting, 
for example, of a fundamental tone plus a series of high harmonics, 
the component tones will be reflected in increasing proportion 
towards the higher frequencies, i.e. towards the shorter wave¬ 
lengths. It has sometimes been noticed, for example, that the 
pitch of the echoes returning from a group of trees appears to be 
raised one or more octaves above the pitch of the fundamental 
incident sound. Rayleigh has dealt with the question mathe¬ 
matically,* referring to the reflections as ‘secondary waves,’ and 
the phenomenon as scattering of sound. He shows that the 
amplitude of the secondary waves directly as the volume of 
the ‘scatterer,’ and inversely as the ^quare of the wave-length 
of the incident sound. That is, the intensity of the sound returned 
to the observer varies inversely as the fourth power of the wave¬ 
length. As Rayleigh points out, this result might have been 
foreseen without calculation. The ratio of the ‘scattered’ to the 
‘incident’ amplitude must necessarily vary directly as the volume 
V and inversely as the distance r, and in order that the result, 
the ratio of amplitudes a, /a^ must have the dimensions of a pure 
number we must divide by since A is the only other linear 
magnitude involved, i.e. 

a* V I, V2 

flc^A^r 1* “aV 


♦ Sound, 2, p. 152. 
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The law of scattering, I, «» is also well known in optics, where 
light waves are scattered by particles whose dimensions are small 
compared with the wave-length of the light falling upon them. 
The blueness of the sky is attributed to such a cause. Returning 
to the case of sound waves, it will be seen therefore that the 
higher components of a complex note are reflected back from 
small scattering objects in a much greater proportion than the 
fundamental tone. The octave of a tone will be sixteen times 
more intense in the scattered than in the incident sound. Echoes 
of such a character have been called ‘Harmonic Echoes.’ 
A complementary phenomenon is of familiar occurrence. The 
sound received on the remote side of a ‘harmonic reflector’ must 
also differ from the incident complex sound. In this case, 
however, the change of quality is due to a deficiency in the higher- 
frequency components which were present in the original sound. 
The shorter wave-length components having been scattered 
forwards in a much greater proportion than the fundamental, or 
long wave-length component, the sound behind the obstacle 
appears to be ‘purified.’ The total effect of any obstacle in 
scattering or reflecting sound waves may be calculated by inte¬ 
gration of the effects due to its elementary parts. In this way it 
is possible to trace the transition from a small obstacle, in which 
the volume but not tlie surface is imjwrtant. to a reflector of large 
area which will ultimately reflect optically. 

Musical Echo from Palings. Echelon Reflection (Gratings) 
—An observer walking on a hard footpath near a row of regularly 
spaced, or stepped, palings, may notice that each footstep is followed 
by an echo having a musical ring. Any ‘sharp’ or impulsive sound 
is reflected from a stepped structure in this way. The successive 
elements or strips each reflect the impulse or, as have just seen, 
its higher harmonics, and the observer receives a regular succession 
of reflected pulses which, if sufficiently rapid, blend into a musical 
note. The frequency of the note will depend on the spacing d 
of the steps and on the direction $ from which the reflections 
proceed. The time between the successive pulses, i.e. the period of 
the musical echo, will be 2d cos 6/Cy and the frequency c/2d cos B, 
The earlier reflections, from the strips nearest the observer, will 
usually be masked by the direct sound, and as a consequence only 
those reflections will be heard which come from more distant 
stripis, i.e. when 6 is small. For example, from a row of palings 
of spacing 10 cm. the frequency of the note heard by the observer 
will be 3*3X10V20=1650 p.p.s. or some multiple of this frequency 
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R. W. Wood* has demonstrated the actual existence of a suc¬ 
cession of reflected pulses from an echelon or stepped reflector by 
the spark method of shadow photography (see p. 374). An echelon 
reflector may serve as a diffraction grating for sound-wave analysis 
just as in the optical case (see p. 341). 

Reflection from Curved Surfaces* Mirrors. Whispering 
Galleries—The well-known optical phenomena of reflection at 
spherical or parabolic surfaces have their analogue in sound, pro¬ 
vided the dimensions of the reflector are considerably greater than 
a wave-length of the incident sound. Reference has already been 
made (pp, 206 and 231) to the directional or ‘focussing’ properties 
of spherical reflectors used as sound transmitters with a small source 
at the focus. The semi-angle of the cone of the diverging primary 
beam was shown to be sin^ 0*61 K which indicates the reflected 
beam does not become ‘parallel’ until the wave-length \ is very 
small compared with the radius r of the aperture. Conversely, 
the reflector acting as a collector of a parallel beam of sound does 
not finn an ‘optical image’ unless r is very great compared with A. 
The image of a point source of light was shown by Airyf to 
consist of a bright disc surrounded by bright rings separated by 
circles at zero intensity. The radii of these circles are given by 
a~mf x!2r (where / is the focal length of the reflector and m has 
successive values 1*220, 2*233, 3*238, 4'241, etc. ; 0*839 of the 
total energy falling on the central disc, 0*071 on the first bright 
ring, and so on). The optical deductions are equally applicable ‘ 
to sound waves. Thus a perfect parabolic concave reflector, 

1 metre in diameter (r=50 cm.) and focal length 50 cm., would 
form a diffraction image with a central ‘bright’ spot 2*0 cm. 
diameter, if the source were a distant point emitting sound of 
frequency 10,000 p.p.s. in air (c—3*3X10* cm./sec.), the wave¬ 
length A being 3*3 cm. The ‘resolving power’ of the mirror, 
which indicates the limiting angle 6 which can be recognised 
between two distant point sources, may be regarded as the angle 
subtended by the radius of the central disc at the pole of the 
mirror, i.e. 6?=:<z//=li*22 A/2r—0‘61 ;/r. In the example just 
mentioned this angle is 2*3 degrees. The Yerkes telescope, with an 
aperture of 100 cm., resolves two distant stars subtending an 
angle of 0*125 second of arc. A concave sound reflector cannot 
be regarded, therefore, as a means of forming a sound image, in 
the optical sense. Such reflectors, however, are very efficient in 

•Phil. Mag., 48, p. 218, 1899, 

t Trans. Comb. Phil. Soc., 5, p. 283. 1834, 
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indicating the direction, within a few degrees, of a high-frequency 
source. To demonstrate the focussing of sound waves in the 
laboratory, Rayleigh’s experinieni with two concave reflectors, a 
bird-call (or other high-pitched source), and a sensitive flame are 
all that is required (see also p. 408). 

The reflecting properties of concave surfaces are beautifully 
demonstrated by the method of spark photography (see p. 374). 
In fig, 82 a comparison is made between the reflection of the 
sound pulse from a spark at the focus of a parabolic and a spherical 
mirror respectively. It will be seen that the parabolic reflector 
gives a tolerably plane wave (parallel beam), whereas the aber¬ 
ration produced by the spherical reflector is clearly shown. 

The well-known whimpering gallery of St Paul’s Cathedral owes 
its peculiar properties to the reflection of sound by the curved 
walls of the gallery at the ba.se of the hemispherical dome. A 
person whispering along the wall on one side can be heard clearly 
by a listener close to the wall at any other part of the gallery. 
A complete explanation of all the phenomena is still to be found, 
but Rayleigh* has given a theory which, at any rate, agrees with 
the principal facts. He pointed out that the sound tends to creep 
around inside of a curved wall without ever getting far from it. 
“A ;vhisper seems to creep round the gallery horizontally, not 
necessarily along the shorter arc, but rather along that arc towards 
which the whisperer faces. This is a consequence of the very 
unequal audibility of a whisper in front of and behind the speaker. 
The abnormal loudness with which a whisper is heard is not 
confined to the position diametrically opposite to that occupied 
by the whisperer, and therefore, it would appear, does not depend 
materially u] 3 on the symmetry of the dome.” Moreover, whis¬ 
pered speech, which contains a large proportion of high-pitched 
sounds, is heard more distinctly than ordinary-voiced speech, 
especially if the speaker looks along the gallery towards the 
listener. Rayleigh demonstrated these effects on a small scale 
by means of a sheet of iron (12 ft. X 2 ft.) bent into the arc of a 
circle, with a bird-call at one end and a sensitive flame at the other. 
A narrow screen interposed radially at any point inside the 
Curved surface and near it prevented the sound from reaching 
the flame. Rayleigh’s theory shows (1) that the thickness of the 
narrow belt skirting the wall decreases ^\’ith diminishing wave¬ 
length, (2) that the intenisity is a maximum near the wall and 
gradually diminishes away from it, and (3) that the intensity does 


* Sound, 2, p. 126, and Scientific Papers, 5, p. 617. 



316 


CHANGE OF MEDIUM 


not fluctuate circumferentially, i.e. parallel to the wall. Experi¬ 
ments by G. V. Raman and G. A. Sutherland* with a high- 
pitched source and sensitive flame confirm Rayleigh’s conclusion 
(1), but disagree with (2) and (3). A further investigation by 
Ramanf confirms a view held by Sabine$ that the inward slope 
of the wall is important for the best effect. Circumferential and 
radial ‘nodal’ lines were observed in five different whispering 
galleries, the sound intensity being a maximum at opposite ends 
of a diameter. It was shown, further, that an impulsive sound 
W'ould travel several times round the gallery, a succession of 
sounds separated by time intervals equal to the circumference of 
the galleiy divided by the velocity of sound (within + 1 per cent.) 
being observed. F. L. Hopwood§ has demonstrated the existence 
of radial and circumfeiential nodal lines by means of sound waves of 
very high frequency (750,000 p.p.s.) in oil. The plane waves of 
very short wave-length emitted by a quartz oscillator entered a slit 
tangentially and passed round a model whispering gallery. The 
stationary sound distribution inside the model was revealed by 
sprinkling fine coke dust (Boyle’s method) in the oil. B. Ray|| 
has studied the whispering gallery effect experimentally by an¬ 
alogous optical methods. He finds, in confirmation of Raman’s 
views, that a succession of belts of maximum intensity are found 
near to the curved surface. These maxima appear in the form 
of a series of interference bands at one end of the curved strip of 
mirror which has a source of light on its surface at the other end. 

Rayleigh has suggested that in the propagation of earthquake 
disturbances the surface of the earth behaves somewhat like a 
whispering gallery. It is not unlikely also that sounds which 
travel long distances in the sea are dependent on such an effect, 
and on repealed reflection at the surface and the sea-bed. In a 
sea of average depth, 150 ft. (the North Sea, for example), the 
maximum possible range of direct transmission will be about 
thirty miles, whereas ranges two or three times as great as this have 
frequently been observed. The possibility of a curved path due 
to temperature gradients, however, must be taken into account 
in any theory of long-range transmission of sound. 

Huyghens* Construction for Reflected Waves —The more 
important features of reflection of sound waves are readily obtained 

•Nature, 108, p. 42. Sept. 8, 1921. 

i Indian Assoc. Cult. Sci., 7, p. 159, 1922. 

t Collected Papers, p. 2S5. 8 Journ. Sci. Instrs.^ Feb. 1929. 

|{ Calcutta Math. Soc., Bull. 12, 4. p. 225, 1922. 
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by the direct application of Huyghens’ principle of secondary 
waves (see p. 67). This principle states that the wave-front of a 
disturbance may at any instant be obtained as the envelope of the 
secondary wave proceeding from all points of the wave-front at 
some preceding instant. We shall consider a few simple examples. 
(1) Reflection of plane waves from a plane surface. Spherical 
secondary waves leave each point of the surface as soon as the 
incident wave-front reaches it. Thus in fig. 82 I. (a) , as the wave- 
front WW' impinges on the surface WR, each point between 
W and R becomes in turn a source of secondaiy waves. By the 
time W' in the', incident wave has reached R, the secondary hemi- 
cylindrjcal wave from W has spread over a radius WR'=W'R. A 
plane RR' drawn through R and tangential to this hemicylindrical 
surface wall therefore also be tangential to the corresponding 
surfaces emanating from the respective secondaiy sources between 
W and R. Consequently RR' is tlie new plane wave-front. The 
direction of pro]irigation is normal to the wave-front so that the 
incident beam .Ml now bccnrucs BC. The figure is symmetrical 
about the normal, so that the angle of incidence is equal to the angle 
of reflection. Fig. 82 I. (b) is an instantaneous spark photograph 
by Cranz^ shov\'ing a number of reflections of the head waves 
from a bullet passing between tw'O parallel plates. (2) Spherical 
waves 7>’flecle(l fwm ./ plane surface are represented graphically on 
Huyghens’ constiuclion in lig. 82 n.(«i. When the spherical waves 
diverging from S meet the plain; surface, the reflected \vave-fiont 
fonned by the sccondarv wa\c» i-; rc]nosented by the mirror image 
of that portion of the incident w'ave, which in the. absence of the 
plane would have spread beyond it. The reflected spherical 
wave nppe.irs to diverge from a point S' which is tlic niirror image 
of S in the iflane reflector. Spail. jihotogjaphs hy Foley and 
Soudeiy}’ fig. 82 II. [h), show the. reflection of the spherical pulse 
from a plane surface. (3) Sphcrital waves reflected from parabolic 
and splierual mirrors. The Huyghens’ construction for spherical 
waves divciging from the focus in indicated graphically in fig. 82 
II. and HI. The comparative spark photographs hy Foley and 
Souderf and by A. H. Davis| for the parabolic and spherical 
reflections respectively, are shown in fig. 82 II. and 111.(6). The 
resemblance between the. grajfliie.il construction and the photo- 
giaph is very striking. In both cases the aberration of the 

* Lehr buck der Ballistih, 2, p. 152 . 1926 . 

tP6ys. Rev., 35, p. 373 , Nov. 1912. 

tProc. Phys, Soc., 38, p. 221, April 1926. 
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Spherical reflector and the superiority of the parabolic reflector as 
a means of producing plane waves is clearly shown. 

It will be observed that in all cases the spark photographs exhibit 
practically true optical reflection. This is only possible, as we have 
seen, when the dimensions of the reflector are large compared with 
the wave-length. Now a single pulse, strictly speaking, has no 
wave-length. The basis of comparison in such a case is the 
thickness of the pulse which, as the photographs show clearly, is 
small compared with the diameters of the mirrors. 

(B) Refraction 

The change in direction in sound waves on reaching the boun¬ 
dary between two different media is realised most simply from a 
consideration of Huyghens’ secondary' 
waves. When the incident plane wave- 
front WW' (see fig. 83) reaches the 
surface at W a secondary wave starts 
from that point with a velocity of 
sound C 2 in the second medium. At 
a time t afterwards the secondary waves 
from W' and W will have reached R 
and R' respectively. Each point of 
WW' will similarly have reached a 
corresponding point of RR', which is therefore the new wave- 
front in medium 2. Now W'R/ci=:WR'/f:o=it, that is, 

WR sin ^i/c-i=WR sin 62 /C 2 
or 

sin Cl 

sin $2 C 2 * 

which is the ‘law of sines’ to which we have already referred 
(see equation (1), p. 301). Hence the normal to a wave-front in 
passing from one medium to another is deviated towards or away 
from the normal to the surface, according as the velocity of the 
wave in the first medium is greater or less than in the second 
medium. The critical angle, when is given by sin Bi—Ci/c^, 

and total reflection may take place when the sound travels from a 
medium of low to one of higher wave-velocity. The particle- 
velocity in the transmitted wave relative to that in the incident 
wave is given by equations (5) and { 6 b) on p. 302. Equation (8), 
p. 303, shows that the energy in the transmitted wave is fi 2 * 
(R 2 /R 1 ), where Ri and Rg are the acoustic resistances ( PiCi and 
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P^C 2 ) and ti 2 the ratio of the particle-velocities of the incident 
and transmitting media respectively. At normal incidenct. 

fi2=2Ri/ (Ri-j-Rs) 

and the corresponding energy-ratio for the transmitted and in¬ 
cident waves is 


normal transmission coefficient= 


4R1R2 

(RiTR'a) 


2 1 


which reduces to 4 R 1 /R 2 when R 2 is large compared with Ri. 

Sondhauss in 1852 demonstrated the refraction of sound waves 
through prisms containing various gases, and determined the 
refractive index A* (~C]/c 2 =sin 0i/sin 62 ) relative to air. He was 
also successful in demonstrating the focussing action of a convex 
lens of carbon dioxide enclosed in a thin envelope of collodion. 
Such elTects arc easily obtained by means of a high-pitched source 
and a sensitive flame, Foley and Souder* liavc recently obtained 
spark photographs showing the focussing action of small lens¬ 
shaped ‘baJlcKins’ filled with different gases. Lenses of liquid (in 
rubber vessels) or of solid material are obviously unsatisfactory 
for use in air, for the ratio R 2 /R 1 in all such cases is so great that 
the sound is almost completely reflected at the front surface. 

Boundary Phenomena —The reflection and refraction of an 
‘impulse’ wave at the plane of separation of two different media 
has been demonstrated by O. v. Schmidt.f By means of the 
Schlieren method he has photographed the waves emanating 
from a spark produced near, or at, the surface of separation. 
These photographs reveal clearly the spherical waves travelling 
with different velocities in the two media ; the incident, reflected, 
and refracted waves being shown as sharply defined circular arcs. 
One of these photographs is reproduced in fig. 83a. In this 
case the spark was produced exactly at the boundary between 
xylol, above (1175 m./sec.), and salt solution, below (1600 m./sec.). 
The spherical waves travelling with their appropriate velocities 
are seen, and at the foot of the photograph is shown the reflection 
of the wave, in the sak solution, from the bottom of the vessel 
containing the liquids. The photograph also reveals a pheno¬ 
menon which O. V. Schmidt calls the ‘Kopfwelle'—this is a 
conical wave, the base of which lies on that of the hemispherical 
wave in the higher velocity medium. This wave is shown clearly 
as the sloping straight line to the left of the photograph. In¬ 
cidentally the photograph also shows, on the right, the reflection 


• Loc. cit. 


t Zeits, f. Techn, Physik, No. 12, p. 554, 1938. 
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of the ‘ Kopfwelle ’ and the spherical pulse. The ‘ Kopfwelle * is 
the seismic wave described by Mintrop.* As the spherical wave 
spreads in the salt solution it creates a secondary disturbance in 



Fio. 83A 


the xylol, the rale of propagation of the wave along the boundary 
surface corresponding to that in salt solution (the high velocity 
medium) and the rate of spreading in the xylol corresponding 
with the xylol velocity. Consequently a conical wave is produced, 


Water 


Al. rod 


Initial wave 
in liquid 

Koptwelle for 
lonedudinal 
and transverse 
waves 


Wate 



Fig. 830 

(By comtesy of Dr O. v. Schmidt) 

the angle of slope of the wave-front relative to the surface being 
given by sin d -Vi/v^. In the example illustrated in fig. 83a the 
slope is 47° and sin which is the ratio of the velocities 

in xylol and salt solution. O. v. Schmidt gives numerous photo¬ 
graphic examples of this phenomenon. Fig. 83b is another case 

• Mintrop, D.H.P., 1919; and H. Jeffreys, Proc. Cantb. Phil. Soc., S3) 
p. 472, 1926, 
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in which a bar of aluminium in water is used. The photograph 
shows, in addition to the spherical waves, the conical waves 
arising from the surface of the aluminium as longitudinal and 
transverse waves are propagated along the bar with higher 
velocity. As in the previous case, fig. 8 . 3 a , the slope of the side 
of the conical wave gives the ratio of the velocities in water and in 
the aluminium bar. The ‘Kopfwelle,’ ‘seismic’ wave or ‘diffrac¬ 
tion’ wave, as it has been called, plays an important part in a 
method of locating certain geological fonnatiens below the earth’s 
surface (see p. 522). 

Refraction produced by Wind and Temperature Gradients— 

Refraction takes place whenever the wave reaches a point at 
which the wave-velocity changes. This change of wave-velocity 
may be brought about not only by complete change of medium, 
but also by a change of properties in the same medium (if it may 
still be so regarded). Thus the velocity of sound waves in air is 
affected by the wind and by temperature. If these factors are not 
constant over the v.’hole wave-front and the whole track of the 
sound wave, refraction will take place. It is a familiar observation 
that sound travels better with the wind than against it. This is 
due to the fact that the velocity of the wind increases from th^' earth^s 
surface upwards. The effective velocity of sound is consequently 
equal to its normal velocity plus or minus the velocity of the 
medium. Imagine a plane wave of sound travelling parallel to 
the earth’s surface, i.e. with its wave-front perpendicular to the 
ground. In still air this condition will continue. If, how'ever, 
a steady wind is blowing in the same direction the upper part of 
the wave-front where the wind-velocity is greater will travel 
faster than that part of the wave-front near the ground. The 
result is that the wave-front tends to bend downwards towards the 
ground. An observer therefore hears the sound by a ‘ray’ which 
leaves the source with a slightly upward inclination. Similarly 
the wave-front travelling in the opposite direction to the wind is 
bent upwards and, at a moderate distance from the source, passes 
high above the head of an observer.* Similar effects may be 

• W. S. Tucker observes, however (Journ. Roy. Soc. Arts, 71, p. 132, 
Jan. 1923), that this rule is frequently broken. I{ a following wind has 
a velocity which increases with height it is favourable lor sound trans* 
mission, the same condition obtaining with an advertie wind which diminishes 
in strength with height. See also Q. Journ, Roy. Met. Soc,, 59, p, 203, 
1933. 
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noticed when there is a uniform temperature gradient from the 
earth’s surface upwards. The ^vanller the air the greater the 
velocity of sound {c « Y/al)s. temp.). When the temperature 
gradient is positive upwards, the wave-front will bend towards the 
ground, and conversely when the temperature gradient is negative 
upwards, the sound will be deflected upwards and lost. Tempera¬ 
ture or wind refraction in the atmosphere is analogous to the 
optical phenomenon of mirage. Such wind and temperature 
gradients may therefore have a \ery important influence on the 
range of transmission of sounds in the atmosi)herc. The method 



of calculation of the curvature of a ‘sound ray’ is equally applicable 
to the cases of wind and temperature refraction, provided the 
correct sign is introduced for the velocity-gradient upwards. In 
fig. 84, AB and A'B' represent portions of two adjacent ‘rays’ in 
the same vertical plane. WF and W'F'' arc two consecutive 
wave-fronts intersecting at C and cutting off lengths 5ri and 
from the rays AB and A'B' respectively. From the construction 

S S 5 

shown we must have — — , where r is the radius of curva- 

r (r—6n 

ture of the element Ssi and is the separation of Ssi and 
measured along the radius. Since the lengths and are 
traversed by the wave-front in the same time interval, 

8si S^2 
c 

Eliminating and 5 52 from these relations we obtain 

1 dc 

r c dr 


fl) 
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If the inclination of Ss to the vertical is ’P, then 

1 dc . 


dc 

dr 


dc 1 

, sin d, and - ~-— 

dy ^ r c dy 


sm 0 


( 2 ) 


y being the vertical co-ordinate. This gives the curvature (1/r) 
of the ray at all points, and depends on the particular assumption 
in regard lo [dc/dy). 

In considering any problem of continuous refraction it is 
important to remember the sine law of refraction is valid over the 
whole track of a ray, i.e. the ratio c/sin (f, is constant at all points 
of the ray. It is possible to deduce equations (1) and (2), start¬ 
ing with this fact as a ba.sis. Assuming a uniform ternjierature 
gradient (suppose negative) upwards, at a certain height the tem¬ 
perature would fall to the absolute zero. If we take this Ie\d as 
the origin and measure y downwards, the temperature will be 
proportional to y and the velocity c to \/y. Writing c—A" sin ^ 
this becomes 


y—A' sin- ,^=rA(l—cos 2(f,) . . (3) 

where A", A', A are constants. 'I’he relation represents a cycloid, 
i.e. the curve traced out by a point on the circumference of a 
circle which rolls in contact with a fixed straight line (in this case 
the line y^O). If the temperature gradient is positive upwards, 
the imaginary line y —0 of /ero temperature is ‘below’ the earth’s 
surface and y is measured upwards. In this «"a.sc the gimcraling 
circle of the cycloid rolls above the line y —0 and the cycloids have 
their vertices downwards. Only the relatively flat portions of the 
cycloids, which may be regarded as circular arcs, will, of course, 
be of interest in practice. For the reasons given above it seems 
not improbable that seasonal variations will be observed, apart 
from rapid variations due to numerous causes, in the range of 
transmission of sounds above the surface of the sea, e.g. from 
light-vessels. The temperature of the sea varies slowly, and 
lags behind the mean seasonal variation of the temperature of 
the atmosphere above it. In the Straits of Dover, for example, 
a continuously recording electrical thermometer indicated a 
maximum sea temperature in September and a minimum in 
March, representing a lag of about two months or so behind the 
corresponding temperatures of the atmosphere. From March to 
August, therefore, when the sea temperature is definitely lower 
than the air temperature and the gradient upwards is positive, 
a good range of transmission should be anticipated ; whereas from 
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September to February, when the sea is warmer than the atmo¬ 
sphere and the gradient is negative, the sound transmission should 
be poor. It is interesting to refer in this connection to experiments 
by E. S. Player.* Observing, from North Foreland, tlie sound 
of a siren on a light-vessel several miles away, it is noted : From 
May to September inclusive the siren was audible on six occasions, 
inaudible on two ; from October to March it was audible on two 
occasions, inaudible on nine. 

Temperature Gradients in the Sea—The cycloidal fonn of 
track assumed by a sound ray in air due to wind or temjrcrature 
gradients ma\ also be found in the* sea. IT Lichtef has observed 
large seasonal vaiiaiions in llie range of sound signals under the 
sea, and ascribes (he vaiious effei'ts to the existence of horizontal 
temjxtralure gradients in the sea, the-se gradients changing accord¬ 
ing to tint season of tlie year. In this case the cycloidal pattern 
is repealed more frecjuenlly than in the case wo have just considered, 
for a sound ray meeting the .surface, of the se.a is completely 
reflected down again, only to rise once more and so on, the number 
of tiiiies it meets the suifacc in a given distance depending on the 
clcjjth of th«' source of sound. A reverse temperature gradient 
results in corres[)(inding ('fleets at the sca-bed. These surface 
and bottom reflection.s play an important part in long range sound 
transmission under the sea. With a particular sound source 
emitting a measured amount of power, Lichte and Barkhausenf 
observed a chnng(’ in range from 10 km. in summer to 20 km, in 
winter in the Baltic Sea. 


Interference 

One of the most important theorems applicable to sound waves 
is Huyghens’ Piinciplr of Super position (see p. 66). On this 
principle tlie resultant displacement of a particle of the medium 
through which tw’o or more trains of waves are pa sing is obtained 
by the vector addition of the separate displacements due to each 
wave-train independently. This principle is also applicable to 
velocities and accelerations, but not to the squares of these quan¬ 
tities. Thus, tw(» perirxlie vibrations of the same frequency, of 
amplitudes a and b and phase clifFcrcnce e , combine to form a 
periodic vibration of amplitude {a^-P^b^-\-2ab cos c)i . If the 
amplitudes are equal {a~b) and the phases the same e—0, super- 

*■ Journ. Roy. Mei. Sor., 52, p. 354. 1Q26. (Tlie- observation.«i relate 
to rainy days only.) t Phys, Zeits„ 20, p. 385, 1919. 

? Ann. d. Physik, 62, July 1920. 
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position gives a vibration of double amplitude 2a ; but if the 
phases are opposed e= 180° the resultant amplitude is zero. In 
the more general case, the amplitude may vary between 
and (a—b) according to the phase difference e- Such super¬ 
position of vibrations is termed interference. The term is more 
frequently applied to the special case in which the resultant 
amplitude varies between double the ordinary amplitude and 
zero. Schuster’s definition * of interference in light waves is the 
following: “If the observed illumination of a surface by two or 
more pencils of light is not equal to the sum of the illuminations 
of the sc])aiate pencils, we may say that the pencils have interfered 
with each other, and class the phenomenon as one of interference.” 
This definition, with the appropriate modification, is also applicable 
to sound waves. 

The phenomena of interference may be observed on a smooth 
water surface which is disturbed simultaneously at any two points. 

J. H. Vincentf has ob¬ 
tained very beautiful 
photographs of such 
effects on the surface of 
mercuiy, the simultane¬ 
ous disturbances being 
produced by means of a 
double ‘dipper’ attached 
to the prong of a vibra¬ 
ting tuning-fork. Such a 
photograph, taken from 
one of Vincent’s papers, 
is shown in fig. 85. It is 
clear that in certain 
directions the crests and 
troughs reinforce each 
other, whilst in inter¬ 
mediate directions they 
neutralise. The result is 
a definite ‘interference 
pattern* superposed on 
the ordinary wave sys¬ 
tems. Analogous effects 
are easily demonstrated 

with sound waves proceeding from the tuning-fork. Each prong, 
• Optics, p. 57. 

^ Phil. Mag., p. 411, June 1897, p. 191, Feb. 1898, p. 290, Sept. 1898. 
p. 338, Oct. 1399. 
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as it vibrates, is the source of two sets of waves in opposite phase, 
one side of the prong producing a compression pulse at the same 
time as the other side is producing a pulse of rarefaction. These two 
simultaneous pulses, in opposite phase, will ne\itralise in certain 
directions and assist in others. A similar interaction goes on, of 
course, between the waves from the two prongs. The result is 
a region of disturbanre around the fork ha\ing ''V'minctrical 
positions of coinparative silence. As a vibrating fork is rotated 
in a vertical position near the ear, the sound intensity ri.ses and 
fails four nines pei revolution. ,-\ny ‘ilonlrlc’ or ‘multiple’ source 
of .sound shows these effects, the jirineiple fieing used siiecihcally 
to produce tlonal beains c/f sound. In '.nch cases the 

sound r-iieigy is i ont entrated, on tlie ‘siipetjicisition or* inter¬ 
ference' principle', in C'-itan) dii'-ctions wliilst ;n olle'r directions 
the energy transmission is zctc'. A mote direct I'.ictliod of demon¬ 
strating interference between Iv.o trains ot simnd w.tves makes 
use of the ‘trombone’ tul^e'^^ sliown in fig. fit). The source of 


sound S should preferably 
emit a faiil) jcnre note of 
moderately high jntch. t.g. 
a tuning-fork of frccjii'-ncy 
1000 ]).]).s. c;r mori', a 

musical bu/zer or a loud 
speaker c]ec:tricaily main¬ 
tained. A stethoscope 
attached at I., to the fixed 



tube is u.sed to convey to the I'tc- SO 

cars the sound which ariivcs at L vin the p.ulis S I'L and ST'L. 
Provided these patlis are eijual or diifer by a wliolc nunibei of \sMve- 
Icngths, the two sets of sound wave's anivc in the same jjliasc and 
reinforce each other at the tans of the listener. When llu; lengths 
differ by a multijile of /l/'2, Imwevei, there is ecu [ilete neutralisa¬ 
tion (silence) at L. T'fie method is very effective i.i demonstrating 
interference, and provides a gc'cd laboialoiy mellu>d ol measuring 
the velocity of scjimd in a tube, ilic fiecjuency ol the source being 
known. An irnpoitani apjiluation of this nieiiiod relates to the 
directional reception of sound (‘■ee ‘binamal compensator,’ j). -151). 
One of the best e.xamplcs of interfeicnee of sound is that in which 
stationary ivaves are formed between the wave-trains incident on 
and reflected from a plane reflecting surface (see jjp. 1)09 to 311). 
The formation of node's and loops in vibratlrrg strings, rods, and 


•See TytrilalJ, Sound, p. 261. 
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air columns are also due to interfering wave-trains moving in 
oppcsile. diieclions, reinforcing and neutralising at intervals of A/4. 

The phenoniencn of beats (p. 19) may j>ossibly be regarded 
as an example of interference. Two vibrating tuning-forks of 
nearly equal pitch produce a resultant sound, which increases and 
decreases in inlcnsiiy with tune, the frequency of this intensity- 
variation being equal to the diflerence of frequencies of the forks. 
This ‘beating’ effect is due to the fact that at certain equal time 
intervals the wave-trains agree in phase and reinforce each other, 
w'hilst at intermediate periods they are opposite in phase and tend 
to neutralise each other. 

As in the optical analogy, interference ntay take place between 
sound waves from a scnirce and its image (see [). 305), or from 
two images of lire same source (as in Young’s double-slit and 
Fresnel’s biprism and inelined mirrors). The former is exem¬ 
plified at normal incidence by stationary waves. Interference 
effects are observed at all angles of incidence, the effects'being 
analogous to those observed when light is reflected from a sirrgle 
polished surface (black glass), as in Lloyd’s method of producing 
interference fringes.* .As atr example of such interference in 

sound waves we may refer to lyndaH’s observations of the apparent 
variations of the siicngth of signals from a source of sound (a fog 
siren) at South Foreland. The observer on a ship noticed that 
the sound intensity periodically increased and decreased as the 
ship receded from the shore. "J hc effect was dearly due to the 
interference between tfie direct sound and the sound n'flected 

from the surface of the sea. At greater dista.ices. when the path 
difference between the direct and lefieeted waves is alw'ays less 
than A/2, there can be no fluctuation of intensity, and the reflected 
wave (in almost the same phase) will assist the direct waves at all 
range. Experiments by F. B. Young and the wTiterf have 
demonstrated the existence of interference of sound waves under 
water also. A .small source of sound of a definite frequency 
(580 p.p.s.) was supported at a known depth below the surface 
of a large reservoir. An exploration of the sound distribution in 
a vertical plane passing through the source was made by means 
of a small hydrophone ‘pressure explorer’ (a diaphragm with 
microphone attached, mounted on a w-atertight case). As the 

hydrophone was lowered fioiri the surface to the bottom the 

sound received passed through maxima and minima. The 

* See textbooks on Optics. See also p. 331. 

Proc. Roy. Soc., 100, p. 261, 1921, 
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positions of minima at different distances from the source were 
plotted and found to lie on a festoon type of curve near the source 
and ihcn at greater distances to become indistinct. The first 
section of the ‘festoon’ was found to agree vv'ith the theoretical 
position of the interference zone due to sound from the source 
and its negative image in the surface of the water. The succeeding 
zones were explained by the multiple reflections from bottom 
and surface.* I he pressure amplitude of the sound near the 
surface w'as consistently very low, as would be expected since all 
points in the surface are equidistant from a positive source and 
its negative image (that is to say, there is no pressure fluctuation 
at a free end, water to air). This cancellation of the direct ray 
by the surface-reflected ray has an important bearing on the long- 
range transmission of sounds under water. Imagine a ship' of 
20-fcet draught signalling with a Fessenden oscillator {see p. 428) 
of frequency 300 p.p.s., and a second ship 5000 feet away receiving 
the signals at the same depth 20 feet. The direct ray from ship 
to shi}) has to travel 5000 feet, and the ray reflected from the 
surface in opfxisite phase (i.c. a/2 equivalent path-difTercnce, by 
reflecti(jn at a free surface) has to travel (5000^4**“5000* 16 
feet. Taking the velocity of sound in the sea as approximately 
5000 ft./sec., the wave-length of the sound is 10 feet. I'he phase 
difference of the two ‘rays’ on arrival at the second ship is there¬ 
fore (0*5—0*016)\ ; at a range of 10 miles (say 50,000 feet) the 
phase difference would be (0*5—O'0016) A , and so on. The surface- 
reflected wave at any appreciable range, therefore, ])ractically 
neutralises the direct wa\^e. In spite of this fact, signalling ranges 
of 20 to 30 miles are not unusual. The calculation assumes (1) 
that the surface of the sea is smooth, w'hich is rarely the case, 
and (2) that the sea as a medium for sound transmission is homo¬ 
geneous ; temperature gradients may, however, prxluce consider¬ 
able deviations in the path of the sound wave. Another important 
factor which has been neglected in the calculation is the reflection 
of sound from the sea-bed. In most cases this reflection is very 
efficient, and may in certain cases account almost entirely for 
the sound received at long ranges. The interference between 
two independent trains of high-frequency waves in water has 
been demonstrated by R. W. Boyle and J. F. Lehmann.f They 
mounted two piezo-elcclric quartz transmitters (see p. 153), 
vibrating with the same frequency (96,000 p.p.s.) and amplitude, 
side by side in a tank of w^ater in such a way that their primary 


* See aho pp. 267a and b. 


■} Lee. dt.. p. 158. 
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beams overlap. Fine coke dust sprinkled in the water settled ill 
the nodal planes, and was ultimately caught on a whitened surfacd"' 
below the sound beam, the hyperbolic interference pattern being 
clearly shown. A photograph of such a pattern is produced in 



Fig. 87 —Interference between High-Frequency Sound Waves 
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fig. 87 (a). In another experiment, to which wc have already 
<^frefeiTed (p. 276), the two transmitters were placed face to face, 
and stationary waves, indicated by the dust pattern, were formed 
between them. F. L. Hopwood* has recently demonstrated by 
this method the interference effects produced by reflection of high- 
frequency sound waves (750,000 p.p.s.) from various surfaces {e.g. 
inclined planes, spherical mirrors, and a ‘whispering gallery’) (see 
fig. 87 (6) and (c)). 

R. W. Pohlf has demonstrated stationary waves, interference 
and diffraction phenomena using ll.F. sound waves ( A» 1 cm.) 
in air. A beam of sound is directed by a concave mirror, at a 
glancing angle, on to a water (or petroleum) surface in a shallow 
glass-bottorncd tank. A reflector of required size and shape turns 
the sound waves back over the water surface which then becomes 
corrugated by the interfering stationary waves. An arc under the 
tank projects the pattern on to a screen. 

Diffraction 

It is a familiar cbseivation that sound waves bend round corners 
whilst the proj)agauon of light is scrisibly linear. A carefully 
planned experiment is nccessaiy to show tliat light also ‘bends 
round a corner,' whereas the most casual observation reveals this 
effect in the case of sound. The sound-shadow^ of an obstacle is 
therefore not sharply defined, and appears to be much smaller 
than the corresponding ojitical or ‘geornetricar shadow'. The 
explanation lies in the fact that the length of the waves of sound 
is of the order of a million times the wave-lengtli of light, and, 
as w'C shall see, the extent of the encroachment of the waves 
inside the geometrical shadow increases with increase of wave¬ 
length. To obtain sharp sound-shadows with obstacles o{ moderate 
size it is therefore necessary to use very short waves, i.c. sounds 
of high frequency. AH such phenomena, invoh’ing the en¬ 
croachment of waves (of any type) inside the geometrical shadow 
of an obstacle, are described as diffraction. 1 he study of 
diffraction phenomena is often, inappropriately, left to text¬ 
books on optics. In ahnost every branch of sound, however, 
diffraction effects predominate. In the treatment of directional 
emission and reception, reflection, refraction, and scattering of 
sound it is generally important to specify the relationship between 
the dimensions of the bodies concerned and the wave-length of the 
sound—the importance of diffraction being thereby implied. Such 

• Journ. Set. Instrs., Feb. 1929. 

t Naturmssenschaftett, 38, 486, 1951. 
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phenomena are conveniently studied with the aid of Huyghens’ 
principle of secondary waves (see p. 67). According to this prin¬ 
ciple every point on a wave-front at any instant may be regarded as 
the origin of a fresh supply of spherical waves, and the resultant 
effect at a distant point P ahead of the wave will be the sum of 
the effects of these secondary spherical waves. The new wave- 
front as it passes through P will be the envelope of such spherical 
waves. Thus if a plane ivave of sound falls upon a hole of small 
diameter (compared with a wave-length) in a rigid wall, the hole 
becomes a source of spherical waves, and there can be no shadow 
of the boundary of the hole. If the hole be large the wave pass¬ 
ing through it will be sensibly plane, but the diffraction of waves 
near the edge of the geometrical shadow will ultimately give the 
wave a slight divergence, depending on the relative dimensions 
of the aperture and the w'ave. In order to obtain quantitative 
data regarding the intensity fluctuations in diffracted waves it is 
necessary' to employ methods due to Fresnel. 

Annular Half-viravc Zones—In lig. 88 let WF represent a 
section through a plane wave-front. We require to know the 
resultant effect at a point P distant r from the pole O of the wave- 
front (OP being the nonnal to WF). With P as centre, describe 
a series of spheres of radii r, r-{~k/2, r-j-A, f-pS \/2, . . . and so 
on, cutting WF in AAi, BBi, CCi, etc. The plane wave-front 
will consequently be divided into a series of circles of radii p i=OA, 
p 2 =OB, p 3 =OC, each circle being distant from P by A/2 more 

than its smaller neighbour. The radius 
of the circle will clearly be 

Pm “ {(r t »;.A/2 » - 

approximately. The area of this circle 
is therefore irm Ar, and the area of the 
annular zone between the m‘* and the 
(m-j-l) circle is irA r. That is, the 
Fresnel annular zones are all approxi¬ 
mately of equal area TrXr. The con¬ 
tributions of alternate zones to the 
resultant at P will therefore be equal 
in magnitude but opposite in phase 
Fic. 88 (each zone being A/2, Or rr farther 

fron P than its neighbour). The resultant effect at P will be the 
vector sum of the contributions of each element of the wave- 
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front. It has been shown on p. 18 that the effect at P is 
represented by a vector polygon in the form of a spiral curve, 
each half-wave zone corresponding to a half-turn of the spiral. 
The resultant R at P is given by 


and the phase 0~ir/2 behind that of the vibration at O, R-i and R^ 
being the resultant effects at P due to the first and last zones 
respectively. When the last zone is at a consiclcrahle distance from 
P or is reduced by an obstacle to a negligible area, the effect at P 
is then equal to half the effect of the first zone (see p. 18). This 
is otherwise evident ■ for any zone after the first is neutralised by 
half the sum of those immediately before and after it, the remaining 
half of the first zone outstanding. The resultant effect of one zone 
will of course be less than if its elements were all in the same phase. 
When the latter is j)rogressively increasing it is easily shown (see 
p. 17) that the resultant amplitude at P is m s . sin 0 ./6, whereas 
it would have been m&s had all the elementary effects arrived in 
phase, i.e. the mean effect of a zone (2i9“7r) is 2/v, and of the 
whole infinite wave-front is l/ir. times the area ir-\r of the zone. 
As regards its effect at P, therefore, the ivhole wave-front may be 
replaced by a small area ttXi of effective amplitude zi/tt (a being 
the amplitude at O). 

It is possible to check this deduction by using it to calculate 
the resultant amplitude at P, in the. case of a plane wave, since we 
know it must be the same as that at O, viz. a. Writing 5>~7rAf, 
and d~aftr^ we obtain from equation (.83), p. 62. for the ])article- 
velocity ^ of spherical waves in a .fcmt-infinite medium 


Ik' . 


2ar 


and 


t . g}Q (nt~kr) where — and 

’ 23tr A. 


/ = cos (nt -lcr)y 
^ \r 


■whence the amplitude at a distance r from the source as dSs/ Xr, 
which is equal to a, the amplitude in the original plane wave. 
The procedure adopted for a plane wave-front is also applicable 
to a spherical or a cylindrical wave-front, provided the magnitude 
of the first zone be correctly estimated. Many of the simpler 
cases of diffraction may be treated by this elementary method of 
dividing the surface into half-wave zones. If the manner in 
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which the zones diminish in amplitude with increasing distance 
is known, the spiral method of determining the resultant effect k 
invaluable. 

Laminar Half-Wave 2k)nea. FresneFs Integrab.* Comnb 
Spiral—In certain cases, e.g. the diffraction at a straight edge 
of an obstacle, it is more convenient to deal with zones or strips 
parallel to the edge, regarding the incident wave as plane or 
cylindrical with its axis parallel to the edge. In such cases we 

need only consider the effects in a 
plane section through the wave, the 
edge, and the point P. This method is 
due to Fresnel, who restricted his cal¬ 
culations of diffraction phenomena to 
obstacles bounded by straight lines of 
infinite length. In fig. 89 let WF re¬ 
present a section through a wave- 
front advancing towards a plane SS. 
The wave may be regarded as cylin¬ 
drical or plane. We require to find 
the resultant effect at a point P on SS. If the displacement in the 
wave at O, the ‘pole’ of P, be represented by cos nt the contribution 
to P of an element Ss situated at Q, distant s from O and (r-j- fi) 
from P, will be cos {nt —/c(r-{-3 f Ss. The displacement at P 
due to all the elements of the arc WF will be proportional to 

cos \int- kr)- kh\dt 




This may be written 

(nt - kr) kS . ds+sin (nt - kr) /sin kS • ds* 


cos 


Now 


If we write 


, , Si *.1. ^ • Ts 

and Ato*®— 


cos-. ds and A sin <*** I sinr—• di 

Ar ^ kr 

then the expression proportional to the displacement at P becomes 

* A rigorous treatment of Fresnel’s Diffraction Theory is given in Dmdei’s 
Optics, chap. iv. 
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A cos {nt — kr —«(). The intensity at P is proportional to A*, 
that is to 



or if we write . Ar/2 the intensity at P is proportional to 



The expressions in brackets are known as Fresnel’s Integrals, 
Integrating between certain limits of v, we obtain the resultant 
of the secondary disturbances arriving at P and arising from that 
portion of the wave-front lying between the limits of s. The 
values of these integrals have been deteni lined by Fresnel and 
tabulated. As wc gradually increase the upper limit, the integrals 
pass through maxima and minima values, approaching ^ as a limit. 
By a simple geometrical method Cornu has indicated the im¬ 
portance of these integrals in their applicadon to diffraction 
problems. Writing 

r r / X 

X~ I cos--- . dv nvd y— I sin - - . dv (2) 

0 2 o 2 

and plotting .v and y for various values of r;, it is found that a 



* Spiral curve, known as Cornu’s Spiral, results. This curve is 
shown in fig. 90. When it=0, x=y=0 also, and the curve 


336 


DIFFRACTION 


passes through the origin. When v changes to —v the expression 
under the integral is unafTected, but the upper Ihnit of integration 
and consequently x and y change sign. The curve is symmetrical 
about the oiigin, and approaches asymptotically, to the points 
C(^ ■ 4^) and C' { — h- —^), for values of v equal to ± oo. From 
equations (1) and (2) it is obvious that the resultant intensity at P 
due to a wave-front extending from .Ji to .vo (corresponding to 
Vi and (m), is given by 


I « 


fa:” f 1 /*“^) 


V i 



When that is when wc are dealing with onc-half of the 

wave-fiorii only, the resultant amplitude is the radius vector from 
O to the poiiu i '2 in ciuestion on the spiral, the phase being the 
angle between tiiis radius vector arid the OX axis. When i >2 is 
infinite and t'j—0 the resultant is OC. In fact, the resultant 
amplitude between the liiniis nj and is represented by the vector 
joining these points on the spiral. TTius MC in fig. 90 represents 
the resultant from —n to -f- oo. The amplitude due to the whole 
wave-front, from -f ^ js CC/, and to onc-half the wave- 

front OC—OC'. It will be observed that the phase lag in the 
case we are considering, viz. laminar zones, is 45“ (n'/4), whereas 
we found that the lag in the case of circular zones was 90“ (ir/2). 
In this respect the spirals shown in fig. 90 and fig. 6 should be 
compared. 


It is instructive to regard the spiral as a vector polygon, as on 
p. IB, any section of it representing the corresjronding portion of 
the wave-front which affects the point F. The resultant amplitude 
at P is then given in magnitude and phase by the closing side of 
the polygon (that is the vector joining the points to vz) • Each 
half-tmn of the spiral represents one Fresnel zone, the rcsultanjt 
of any number of selected zones being given by the corrcspondl'^ 
chord of the spiral. 

By means of Cornu’s Spirals, therefore, problems of diffraction 
can be solved geometrically, and the variations of intensity in the 
diffraction ‘pattern’ plotted from measurements of the spiral. We 
shall now consider a few of the more, important examples. 


Diffraction at a Straight Edge—Suppose WF in fig. 91 rc- 
present.s the cylindrical or plane wave-front incident on the 
.semi-infinite rigid plane ES. We require to know the distribution 
of amplitude or intensity at various points P in the plane PtNPa. 
At N, the edge of the geometrical shadow, a complete half-wave is 
exposed. Consequently and ^ 2 = 00 , and the amplitude 
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at N, from the spiral (fig. 90), is the radius OC, i.e. half the 
amplitude, or one quarter the intensity, in the unrestricted wave. 
As the point P recedes from N into the ‘shadow’ the value of vi 
gradually increases from zero to infinity, that is, the point v travels 
from O along the spiral towards C. 

The amplitude thus steadily dimin¬ 
ishes from OC=0'5 at the edge to 
zero when vt—v 2 =~\-«i. The 
vector is a line joining G with the 
point vi, which travels from O to 
G as the point P recedes farther and 
farther into the shadow. This line 
rapidly shortens ^vithout maxima 
or minima. Outside the geometrical 
shadow P is exposed to a complete half-wave plus a variable 
number of zones OE. The amplitude is therefore given by the 
vector-sum of OC and OM (see fig. 90), i.e. CM. Conse¬ 
quently as P moves outwaids from N the point M {— vi) passes 
from O round the lower spiral and eventually reaches C' when P 
is an appreciable distance from N. As the distance P from N 
increases, the amplitude consequently passes through maxima 
and minima, gradually approaching the normal amplitude and 
occurring closer and closer together. As an example, consider a 
plane wave of sound of frequency 5500 p.p.s. ( X=0‘2 ft. in air) 
incident on the edge. At a distance of 20 ft. behind the screen 
the intensity variations shown in fig. 92 would be observed. 
The widths of the successive zones are given by i.e. 2, 

2*82, 3’46, etc., ft., and the relative amplitudes (and consequently 

intensities) are read off the Cornu’s 
spiral for successive phase changes 
of ir( x/2). Thus at 5500 p.p.s. the 
intensity falls off to . bout 3*6^/oo 
at a distance of 6'3 ft. inside the 
geometrical shadow. At a fre¬ 
quency of 550 p.p.s. the same 
intensity would be observed at a 
distance of about 20 ft. inside the 
geometrical shadow. Considering that the car is sensitive over a 
range of intensities of the order 10'^ (see p. 385) a residual 
intensity of 3^'6®/oo would constitute a sound of moderate loud¬ 
ness if the intensity of the sound incident on the edge were fairly 
great. The ‘shadow* of the edge is thus far from perfect, even 

23 
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at a frequency as high as 5500 p.p.s. At 55,000 p.p^. the range 
inside the shadow would be reduced to a tenth and the shadow 
would be more nearly ‘optical.’ 

Parallel Aperture—In this case the amplitude of vibration at 
P is measured by the chord joining the extremities of a constant 
length of the spiral. The width of the aperture is measured in 
tenns of half-wave zones (width y^mxr). If the aperture just 
covers the whole of the central zone the amplitude at the midpoint 

will be a maximum, whilst it 
will be a minimum if the aper¬ 
ture covers two zones. The 
variations of amplitude on a 
plane whose distance r from the 
aperture is large compared with 
the width e of the opening are 
easily obtained directly by an 
approximate method (see fig. 
93). Plane waves fall on the aperture AB and spread to the plane 
CPC. When r is large we may regard BP and AP practically 
parallel and making an angle at with the axis. The resultant at 
P is then the sum of the effects due to elementary strips of tire wave- 
front in the aperture. As we have seen on p. 17, this is given by 



s . sin ^ 23r 8 

R“-— -where 

U A A 


xe sin < 


e being the width of the aperture, 8 the path difference between the 
extreme ‘rays,’ and r the ‘effective* amplitude in the aperture. If 
we write dR/d^=0, i.e. 0“tan^, we obtain the values of B at 
wliich the amplitude on CC is a maximum or a minimum. A * 
graphical solution of this relation gives 0, l*43ir, 2*46ir, 3‘47tr, 
5*48ir, and further values . ^ 
approximating to 13-ir/2, 

15*ir/2, l7’Tr/2 and so on. 

The maxima of intensity R®, 
which cannot be negative, ° ^ 
occur at all these points, with 
intermediate positions of zero 
intensity (at B—mv (where 
m is an integer)). For B~ 

0 the intensity is Writing 
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Fig. 49 


A=5l, the magnitudes of the secondary maxima arc l/2t, 1/61, 
,1/120, etc. successively. The intensity fluctuations are shown in 
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fig. 94 which indicates that the greater part of the sound 
energy, over 95 per cent., is confined to the primary maximum 
extending from d—0 to v on either side of N. When e is 
large compared witli a wave-length, practically the whole of the 
energy is confined to directions for which $ is small. ’ Writing 
NP=jf, sin and Q—itexf'kr. The amount of spreading 

of waves after passing through an opening depends entirely on 
the relation between the wave-length and the width of the opening. 
This explains the apparent discrepancy between sound and light, 
which delayed so long the general adoption of the wave theory of 
light. 

Circular Aperture—When the aperture is such that the wave- 
front emerging from it can be divided into circular zones the 
resultant amplitude is easily determined for points on the axis. 
If the radius P of the aperture is such that an even number of 
zones is included, the amplitude at P is zero, whilst an old number 
of zones gives an amplitude double that in the unobstructed wave. 
The condition for maximum and minimum amplitude is clearly 
8 = p’'^/2r~m},j2 approximately, where r is the distance of P from 
O and m is an integer, the intensity being a maximum or a minimum 
according as m is odd or even. As in the case of a parallel aperture 
just considered the resultant amplitude is given by A sin $/9. 
Off the axis the intensity cannot be calculated by simple methods. 
The problem has been treated mathematically by Verdet,* who 
shows that the intensity at a distance of many wave-lengths from 
the opening is given by 



2X3X4 



, jtR 

where m= . sm ^ 
X 


R being the radius of the aperture and<< the 


angle between the axis and the line joining P to the centre of the 
aperture. As << increases ni w'ill vary as sin x and the expression 
in brackets becomes alternately positive and negative with inter¬ 
mediate zero values. The energy from the aperture will therefore 
be distributed in co-axial zones of maximum intensity separated 
by zones of minimum intensity. The positions and relative 
intensities of these maxima and minima are given in the following 
table ; 


* Lecons d^optique physique, t. 1, p. 301. See also Airy, Math. Tracis 
Cmb., p. 259, 305, 1842. 
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m/ir. 

Intensity. 

Central Maximum 

0 

1*00 

First Minimum 

0*61 

0 

Second Maximum 

0*82 

0*0175 

„ Minimum 

rii6 

0 

Third Maximum 

1*333 

0*00415 

„ Minimum 

1*619 

0 

Fourth Maximum 

1*847 

0*00165 

„ Minimum 

2*120 

0 


The intensities of the secondary maxima are almost negligible 
compared with that of the primary or central maximum. There¬ 
fore most of the energy is confined to the central beam, of which 
the angle of divergence is determined from the value of m at the 
first minimum. Denoting the semi-angle of the beam by<^ , 


0*61-~ sin ^ 
X 


or 


sin (f, =0‘61 


\ 

R ■ 


It will be seen that the central beam will be narrow when the 
radius of the aperture is large compared with the wave-length X 
When X is greater than R, tlie value of sin </> is imaginary and the 
beam is ‘spherical,’ i.e. the aperture may be regarded as a ‘point* 
source of Huyghens’ secondary waves. 

The diffraction of plane waves of sound through an aperture is 
analogous to the radiation of sound from a piston source winch 
we have already considered on p. 153. I'he applications of the 
theory to the directional transmission of sound by means of quartz 
oscillators ha.s been investigated by P. Langevin* and by R. W. 
Boyle* (see p. 158). The late Lord Rayleigh* applied the theory 
to the directional transmission and reception of sound by means 
of trumpets, horns, and reflectors (see p. 205). Further important 
applications of this nature are dealt with by I. B. Crandall,* 

Circular Disc. 2^ne Plate—^The experimental demonstration 
by Arago that the optical shadow of a disc had a bright spot at 
its centre was regarded as final proof erf the wave theory of light 
Such a result for sound waves also follows immediately from the 
Huyghens-Fresnel construction. The resultant intensity on the 
axis of the disc is due to the action of the whole wave-front with 
the exception of the zone or zones covered by the disc. The effect 
is therefore approximately equal to one-half that of the zone 

* Loc, cit. 
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bordering the disc. If the latter covers only one or two zones 
the intensity on the axis will be the same as if the disc were 
removed. The rings of secondary maxima separated by circles of 
zero intensity are similar to those already mentioned for a circular 
aperture. As we shall see (p. 458) a diffraction disc with a 
sensitive sound detector on its axis constitutes an important type 
of directional sound receiver, the effect on the ‘detector’ being a 
maximum when the source is on the axis of the disc. 

An interesting application of the principle of Fresnel’s half¬ 
wave zones is known as the Zone Plate. If a circular grating be 
cut from a sheet of metal so that alternate zones of an advancing 
wave-front are blocked out (reflected or absorbed) the remaining 
active zones will arrive in phase at a point P on the axis. 

Let a be the distance of a point source S on the axis and b the 
distance of a small detector at P on the opposite side. Then the 
radius p of the zone may be derived from 


that is, 


V4-— («-f ”” /t/2, 


fit\ ab 
o •^b 


approximately. Such a circular grating or zone plate acts like 
a condensing lens, the intensity at P being many times greater 
than in the absence of the grating. On account of increasing 
obliquity, there is little to be gained by employing more than a 
few zones near the axis. The equivalent focal length f of the 
zone plate is given by the above relation for 

4- = * whence/r= p‘-^/m A 

f a b 

A zone plate with a detector fixed on its axis at the focus not only 
serves to increase the intensity but also gives accurate indications 
of the direction of the source of sound S. 

Diffraction Gratings. Reflection from Stepped or Cor¬ 
rugated Surfaces —The diffraction grating so familiar in optics, 
has its counterpart in sound. When sound waves are reflected 
from a regular periodic structure such as a row of palings or a 
corrugated surface, the reflected waves reinforce or neutralise in 
certain directions, depending on the wave-length of the sound 
and the spacing of the reflectors. Similarly, with the waves 
transmitted through equidistant apertures. A plane wave incident 
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normally on such a grating will be diffracted in accordance with 
the simple relation 


sin 0 ±mA/d, 

where m is the ‘order* of the spectrum and has the values 1, 2, 3, 
etc., $ is the direction of a maximum, X the wave-length, and d 
the grating constant (space-f-strip), When d is smaller than 
there are no lateral maxima and the incident beam is reflected in 
the ordinary way. Thus a row of palings or a rough wall reflects 
sound of moderate pitch like a perfectly smootli surface, little or 
no sound being returned towards the source except at normal 
incidence. When the frequency is high, however, and the wave¬ 
length X is short (less than d), the sound is diffracted into the 
spectra of various orders. A regular row of palings may therefore 
serve as a ‘reflection’ or ‘transmission’ grating for the analysis of 
complex, high-pitched sounds, the various component wave¬ 
lengths reinforcing in corresponding directions. In order to 
obtain satisfactory results it is, of course, necessary, as in the 
optical case, to use focussing devices to render the incident beam 
parallel and to converge the reflected or transmitted beams on a 
small detector. 

Experimental—As a means of demonstrating the phenomena 
of diffraction, sound waves have no( received the attention which 
they deserve. It is not until comparatively recent years that the 
importance of such phenomena in the directional transmission 
and reception of sound has been fully realised. All the so-called 
optical diffraction effects are easily demonstrated with high- 
frequency sound waves, and experiments on a laboratory scale may 
be made with very simple apparatus. Using a bird-call or a 
Gabon’s whistle as a source of sound of short wave-length (about 
1 cm. in air) and a .sensitive flame as a detector, Rayleigh* demon¬ 
strated the more obvious diffraction effects. Thus the flame 
flares when it is placed at the centre of the sound shadow of a 
circular disc, proving there is sound of appreciable intensity at 
such a point, although a small distance off the axis there is silence 
and the flame is quiescent. Tucker and Paris,f using an electri¬ 
cally maintained tuning-fork as a source of sound, obtained the 
diffraction pattern behind a disc of wood 10 ft. in diameter and 
1 in. thick. The fork was placed 30 ft. in front and on the axis 
of the dijsc, and a hot-wire microphone connected to a tuned 

• Sound, 2, pp. 142 and 143. 

i Phil, Trans, Roy, Soc., 221, p. 389, 1921. 
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vibration galvanometer was used to explore the sound distribution 
behind the disc. The diffraction pattern consisted of a central 
maximum equal in intensity to the unobstructed sound sur¬ 
rounded by a ring of zero intensity and a further secondary 
maximum. The disc, with the microphone fixed behind it near 
the centre, served as an accurate means of locating the direction 
of the incident sound. Rayleigh also demonstrated effectively the 
antagonism between the parts of a wave corresponding to the first 
and second Fresnel’s zones. The distances ‘a’ and ‘6’ of the 
bird-call and sensitive flame icspectively from a screen with a 
hole 20 cm. diameter were adjusted so that the hole corresponded 
to the first two zones, the flame is then unaffected. On reducing 
the aperture to 14 cm. diameter corresponding to the first zone 
only, the flame flares violently- A similar effect is produced if 
the central zone is blocked off, leaving the outer zone to transmit 
the sound to the flame. A metal zone plate of eight zones and 
focal length fzzz p^/m\~AH cm. was constructed and found to 
give results in accordance with the simple theory. More recently 
S. R. Humby* has demonstrated quantitatively the various inter¬ 
ference and diffraction effects of high-frequency sound waves, using 
as detectors botli sensitive flames and the ear. A telephone excited 
by alternating currents from a valve oscillator (see p. 82) was 
used as a steady source of sound of a known high frequency. 
This form of source has distinct advantages over the older high- 
pitched sources such as Rayleigh’s bird-call nr Gabon’s whistle. 
The experiments on interference gave results analogous to the 
optical interference experiments of IJoyd (see p. 276), Fresnel, 
and Newton, and very close agreement was obtained between 
measured and calculated positions of points on the hyperboloid 
fringe systems. An experiment was made in which results analogous 
to certain ‘Heaviside layer effects’ were obtained. The ordinary 
diffraction effects could be demonstrated easily over a large 
frequency range using such telejrhonc ‘whistles.’ Diffraction 
effects could be detected at the straight edge of a large wooden 
screen. The gradual and progressive weakening of the effect on 
the flame as it passes into the geometrical shadow and the presence 
of maxima and minima outside the shadow' were clearly observed. 
With i rectangular aperture 20 cm. wide by 43 cm. higli and a 
source 40 cm. away, a central maximum and several secondary, or 
lateral maxima were measured at 40 cm. beyond the screen, using 
a wave-length of 4‘4 cm. The bright spot at the centre of a 


• Proc. Phys. Soc., 39, p. 435, 1927. 
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circular disc 33 cm. diameter was observed and two other zones 
inside the geometrical shadow were located. Zone plates were 
found to have focal lengths in accordance with themry. A diffrac¬ 
tion grating made of cardboard strips fixed across an opening in 
a large screen proved effective. The grating had nine openings, 
each 3’4 cm., with strips 1*7 cm. wide. The source was placed 
at the focus of a metal mirror 80 cm. from the grating, the fre¬ 
quency being 11,600 (a. =2'9 cm.). With the sensitive flame 
70 cm. behind the grating a number of maxima were obser\'ed 
9’2 cm. apart. Diffraction gratings were used in 1907 by 
W. Altberg* to measure the wave-length of high-frequency 
sounds produced by an electric spark. The grating consisted of 
a series of parallel glass rods (1 to 6 mm. diameter) 1 cm. apart 
and the spark was placed at the focus of a concave reflector which 
thereby directed plane waves on the grating. A similar mirror 
received the diffracted sound and brought it to a focus on a 
sensitive detector. The sound spectrum was obtained by rotation 
of the grating with respect to the source and the receiver. Wave¬ 
lengths of the order of a millimetre, corresponding to 330,000 
p.p.s., were measured in this way. More recently K. Palaiologosf 



(By (wntfsy of A. I- 

has used reflection gratings of spacing 0*6 mm. to measure wave¬ 
lengths as short as 0* 17 mm., the sound waves being detected and 
their intensity measured by means of a Rayleigh disc (see p. 464). 
In fig. 95 Is reproduced a spark shadow photograph by Foley and 
Souder, showing clearly the Huyghens’ spherical wavelets trans¬ 
mitted through and reflected from a small grating having four 
parallel slits. No interference is, of course, possible with a single 

• Ann. der Physik, 23., p. 267, 1907. See also Dieckmanii, Ann. der 
Phy$., 27, p. 1066, 1908 ; and Neklepajow, Ann, der Phys., 53, p. 175, 1911. 
t Zeits. /. Physik, 12, 6, 375, 1923. 
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pulse of this character, consequently the reinforcement in certain 
directions is not shown. For this purpose ripple photographs 
similar to those obtained by J. H. Vincent are necessary. In 
these photographs a continuous train of ripples passes through 
the grating and the various orders of spectra are clearly shown. 

Apart altogether from laboratory demonstrations of the above 
character, diffraction phenomena play an important part in the 
directional transmission and reception of sound. With regard to 
the former, reference has been made to the increasing directional 
efficiency of horns and concave reflectors as the wave-length 
diminishes, and to the sound beams of small divergence emitted 
from the Langevin quartz disc transmitter. In such cases, the 
mouth of the horn or reflector and the face of the quartz dLsc 
behave like an aperture through which plane waves are diffracted. 
The smaller the ratio X/R the smaller the angle of divergence of 
the beam. Remembering that sound waves are of the order 
10® or 10® times the length of light waves, the relative difficulty 
of producing a parallel beam or an image of the source in the two 
cases will be appreciated. With regard to reception, the 'bright 
sound-spot’ at the centre of the shadow of a disc has been employed 
as an accurate means of locating a sound source even at low 
frequencies. * A sensitive detector on the axis of the disc gives 
a maximum response when the source, on the opposite side of 
the disc, is also on the axis ; a few degrees on either side, and the 
response is zero. 

Disturbance produced in a Sound Wave by a small 
Obstacle —We hav'e already referred to the scattering of sound 
waves by a small obstacle (see p. 312), the amplitude in the scattered 
wave varying inversely as the square of the wave-length. I^et us 
now consider the nature of the disturbance produc'd by a rigid 
obstacle of small dimensions compared with a w'ave-length. In the 
first place the obstacle behaves like a simple source due to its great 
rigidity. Relatively to the medium which it displaces the btxly 
virtually expands and contracts as the adjacent medium contracts 
and expands, thus giving rise to secondary waves in the same 
phase as the incident wave. A second wave-system is set up, due 
to the greater density of the obstacle which, on this account, fails 
to swing to and fro with the same amplitude as the medium which 
it displaces. The secondary waves therefore correspond to 
virtual oscillations of the obstacle exactly equal and apposite to 

•See iSney. 13th ed., Supplementary Vols., ‘Sound,’ A. 0. Rankine. 
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that of the medium, tending to give rise at the surface facing the 
source to vibrations in the same pressure-phase as the primary 
waves, and at the remote surface to waves in the opposite pressure- 
phase. It thus behaves also a double source. In this case, 
how'cver, if the dimensions of the obstacle are small, the motion 
may result in ‘local flow’ from the positive to the negative side 
of the obstacle. F.B. Young and the writer* have made careful 
quantitative measurements of the acoustic disturbances produced 
by small bodies in plane waves transmitted through water. 
Observations were made of the sound distribution around various 
small discs (10 in. diameter) placed in the path of plane sound 
weaves (580 p.p.s., ft.) in a large reservoir. The following 

measurements were njade at a large number of points around each 
disc : (a) the direction of oscillation of the water particles, {b) rela¬ 
tive amplitudes of displacement of the water particles, and {c) 
relative amplitude of the pressure-oscillations. For the purposes 
of (a) and (b) a small ‘light-body’ hydrophone (see p. 457) was 
employed. This consisted essentially of a hollow ebonite sphere 

(1 in. diameter) containing a 
‘button’ carbon granule micro¬ 
phone (see fig. 96). The 
arrangement responds readily 
to sound waves which travel 
in a direction parallel to the 
axis of the microphone, but is 
insensitive to those arriving 
‘edge on’ or parallel to the 
microphone diaphragm. The 
device acts as a directional 
hydrophone with an accuracy 
of about 5° at the ‘minimum* 
position, the response at the 
‘maximum’ position being pro¬ 
portional to the displacement or 
velocity of the w'ater particles. 
Relative pressure-amplitudes were 
96 measured by means of a small 

button microphone mounted on a thin diaphragm forming 
the cover of a small cylindrical brass box (I in. diameter). These 
‘velcxity* and ‘pressure’ exfilorers could be traversed under 
water in a horizontal plane passing through the centre of the disc, 

Proc. Roy. Soc., 100, p, 261, 1921. 
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and measurements of direction, displacement, and pressure- 
amplitudes made at known points relative to the disc. The 
principal phenomena observed were of two distinct types according 
as the ‘sound field’ is produced around (1) a solid b^y, or (2) a 
hollow (air-filled) body. 

(1) Solid Bodies —^The charted sound field around a lead disc, 
f in. thick, in water (see fig. 97) is typical of solid bodies, 
which exhibit the following characteristics : (a) The lines of 
direction bend lound the edges of the disc. At the same time 
a considerable portion of the sound energy is transmitted 
directly through it The direction is clearly defined at every 
point- (b) There is a general diminution of displacement 
amplitude near either face of the disc, and (c) no variation of 
pressure amplitude (greater than 10 per cent.) is observable. 



Fig. 97 —Sound Distribution round a Lead Disc in V/ster 


The observations in all respects confirm the view that the obstacle 
acts as a simple and a double source as outlined above. The 
form of the ‘stream lines’ in the charts is explained if they are 
regarded as the resultant of the primary oscillations and the 
secondary lateral oscillations. The absence of any appreciable 
effect due to the rigidity of the disc is to be expected from its 
small thickness, | in., relative to a wave-length (about 8 ft. in water 
Or in lead). Discs of wood, rubber, and paraffin-wax produced 
no definite disturbance, but appeared completely transparent to 
the sound waves in tire water. 

(2) Hollow {air-piled) Bodies —^The oiled silk disc (shown in 
fig. 98) may be regarded as the simplest type of this class. 
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It consists of two sheets of oiled silk stretched over a light 
wooden ring, and is therefore a ‘disc of air’ in the water. 
The sound distribution shows the following characteristics : 
(a) The lines of direction convei^e on, or diverge from, the 
faces of the disc, (b) marked increases are produced in the 
displacement-amplitude near cither face, (c) marked diminution 
of pi-essurc-amplitude is produced near the faces, (d) regions of 
confused direction are produced in which the oscillations of the 
water jiarticles are no longer rectilinear, and (e) marked changes 
of quality arc produced if the incident sound is not pure. If the 
bounding wall of the disc consists of material having appreciable 
rigidity, such as tinplate, the surface appears to vibrate in sections, 
producing very sharply marked and localised disturbances with 
corresponding changes of quality. Tlic ‘hollow disc’ in water 



Fig. 98 —Sound Distribution round an " Air-EHsc *’ in Water 


may in some respects be regarded as the converse of the solid disc. 
The ‘air disc’ shown in fig. 98 is more compressible than water, 
and will tlieieforc tend to act as a simple source. The density of 
the disc being also less than that of water, the amplitude of the 
disc as a whole will exceed that of water particles in the undisturbed 
field. I'he disc will tliereforc behave as a double source. In the 
case of the air disc the phases of the vibrations of the simple and 
double sources will be c^posite to the corresponding vibrations 
in the case of the solid lead disc. Various compromises between 
solid and hollow body characteristics may be produced by suitably 
constructed discs, the more pronounced hollow body cfltects 
tending to predominate. I'he above method of investigation has 
been applied to examine the sound distribution round more 
complicated structures in water, <?.g. the single-plate directional 
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hydrophone and its baffle plate (see fig. 125). In such cases the 
method has thrown a go^ deal of light on complex problems 
of sound distribution which are not amenable to matl^matical 
treatment. 


Attenuation of Sound Waves 

Energy Loss due to Viscosity and Heat Conduction—^We 
have hitherto assumed that spherical sound waves spread in an 
infinite homogeneous medium without loss of energy^ in accord¬ 
ance with the law of inverse squares. It is found, however, tliat 
the rate of diminution of sound intensity with distance in extended 
media is much more rapid than this simple Jaw of spreading 
would indicate. It is true that in certain cases, where the sound 
waves are confined between reflecting surfaces, the rate of de¬ 
crease of intensity is reduced. Thus in the sea, sounds travel in 
a two-dimensional rather than a three-dimensional medium, with 
a correspondingly increased range. The increase of range ob¬ 
tained by means of speaking-tubes, confining the sound waves to 
one dimension only, is well known. Were it not for certain 
frictional effects, which we shall now consider, sound energy 
might be conveyed without loss to very great distances. 

Apart from other considerations, energy loss must take place 
whenever there is relative motion between the various particles 
comprising the medium, such loss being due to ordinary viscous 
forces which tend to degrade the sound energy into heat. A 
perfect fluid is one in which tangential stresses cannot exist. In 
actual fluids, however, whether liquid or gas, such stresses do exist 
in varying degrees depending on the factor which is termed 
viscority. It is this viscosity which tends to damp out relative 
motion between the various parts of a fluid. In the case of a 
fluid flowing over a plane solid surface, the layer in immediate 
contact with the solid must be at rest, the velocity of successive 
strata of the fluid increasing with increase of distance from the 
solid surface. The tangential stress between any two successive 
layers will tend to accelerate the lower or more slowly moving 
layer, and to retard the upper more rapidly moving layer. The 
tangential stress between the layers is proportional to the velocity 
gradient, t.e. Stress » dv/dy or Stress=/*dy/rfy, where is the 
coefficient of viscosity. The viscous effect when relative motion 
of layers of a fluid takes place may be explained on the Kinetic 
Theory as being due to an interchange of molecules between the 
different layers, there being a Toss of momentum by the higher 
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velcxiity layers to those of lower velocity. This loss of momentum 
is the cause of the ‘drag’ or viscous force tending to prevent 
relative motion. Similar forces of a frictional character are pre¬ 
sent in solids as well as in liquids and gases. The vibrations of a 
caste-iron bar die away much more rapidly than those of a similar 
steel bar, the difference being due to the gieater frictional forces 
in the cast iron. Returning to the case of gases, both theory 
and experiment indicate that the viscosity is, within wide limits, 
independent of the density or pressure of the gas, but increases 
with rise of teinjx’ratiirc. The equation of motion of plane waves 
in a medium of density p and elasticity is 

'^df‘ ^dx 

which, according to Rayleigh,* in the case of a medium of viscosity 
jti becomes 

P 3 p‘ 

The solution of this equation indicates a w'ave advancing with 
the usual velocity c—^/ /</p, diminished by a small amount due 
to viscosity. It can be shown that this velocity is given by 


c 


2 ,-- 


K 

P 




where 



2^-rN^ 


( 2 ) 


In most cases tlie second term is negligible. 

As Maxwell pointed out, tiie effect of viscosity in modifying 
the motion is dependent on the ratio of ju.'p rather than on // 
alone. Consequently he called this ratio fijp <=> v , the 'kinematic* 
coefficient of viscosity. Commencing with a simple hannonic 
wave of the form ^=cos nf, the solution of (1) indicates, at a 
distance x from the origin of the wave, 


cos {nt- fix ) 


in which 


(3) 


S—nje and «< = 2i'in*/3c® J 

The wave advances therefore with diminishing amplitude, falling 
to 1/if of its initial value when x—\/'^ , i.e. when 


3c^ 3c^ 

2yin^ * 


. (4) 


• Sound, 2, p. 315 ; and Lamb, Sound, p. 185. 
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This deduction has an important bearing on the range of trans¬ 
mission of sounds of various frequencies and in different media. 
At constant frequency the range will vary directly as the cube 
of the wave-velocity in the medium and inversely as the kinematic 
viscosity. In the same medium the range of transmission will 
vary inversely as the square of the frequency. The values of v, 
for air and water are 0-132 and 0-013 respectively at 10°C., 
whilst c air=:0-33lX 10® cm./sec- and c water=l-5XlO® crn /sec. 
Before considering practical applications, however, we must refer 
to another equally important factor which influences the range of 
transmission of sound waves. It was first pointed out by Kirch- 
hoff that the loss of energy due to heat conduction in the medium 
cannot be neglected. To include such heat losses Maxwell 
multiplied the value of y j given above by 2’ 5. Tlius the kinematic 
‘viscosity’ coefficient v — ‘ 2‘,0 ju/p when it includes losses of this 
nature. Stokes (1851), referring to the loss of energy- due to heat 
radiation, remarked that vibrations of very low frequency should 
travel isothennally (with equalisation of temperature in the wave), 
whereas vibrations of very high frequency should travel adiabati- 
cally (with no heat transfer). In a gas therefore waves of very 
low frequency would have the Newtonian velocity V^Vpj 
waves of very high frequency the Laplacian velocityV 7 P/p. For 
intermediate frequencies we should therefore anticipate inter¬ 
mediate values of velocity. In the extreme cases the sound wave 
should be propagated without attenuation due to heat transfer, 
whereas in the intermediate case it should be rapidly stifled. 
W. F. Herzfeld and F. O. Rice * have remarked, however, 
that Stokes’s view of the matter appears to be incorrect. 
They say, “An erroneous opinion on the influence of the fre¬ 
quency on the completeness of the adiabatic state seems to be 
often held. It is believed that while ordinary sound frequencies 
are sufficiently high to guarantee the adiabatic condition, we 
should expect Newton’s velocity for very low freqi encies. But 
a close scrutiny shows that the adiabatic state is best guaranteed 
for the low frequencies, while for the higher frequencies the 
influence of heat conduction is larger.... The result comes 
about in the following way ; while it is tme that with decreasing 
frequency the time allowed for heat conduction increases, the 
amount of heat conducted at a given moment decreases much 
more rapidly. The latter is proportional to d*T/dx*(T=tempera- 
ture), and for a given amplitude this expression is inversely 


• Phys. Rev., 31, p. 691, 1928. 
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proportional to Therefore the heat conducted during one period 
increases proportionally with frequency because of the increasing 
steepness of the temperature gradient/* 

Referring now to equation (4), we can calculate the distance 
X plane waves may travel before the amplitude is reduced to 
l/eth. In air »;=:2’5X0‘132=0-33, whence ;c=4* 1XlO^VN^ 
metres. For low frequencies {e.g. N=200, x=1000 km.) the 
value of X is large and attenuation of this nature is negligible. 
At high frequencies, however, the effects of viscosity and heat 
conduction are more serious ; thus, when N=10^ or 10®, jf=410 
metres and 4 metres respectively. There is consequently an 
upper limit of frequency for the propagation of vibrations 
to appreciable distances. In water v=0*033 and c= 1*5X10® 
cm./sec., whence x=3'84X10^VN^ metres. At a frequency of 
1000 p.p.s., therefore, x=3*84X10^ km., and at 10* p.p.s. the value 
is 384 km. In water, therefore, the effects of viscosity are unimportant 
relatively to those occurring at the same frequency in air. This 
partly e.xplains the relatively large ranges of transmission of sound 
under the sea as compared with those obtained in air. A small 
charge of guncotton (9 oz.) exploded under water can be detected 
and recojcled with certainty under the sea at a distance of 40 miles. 
It is very unlikely that such a range would be obtained in air. 
Strictly speaking, the comparison should be made with continuous 
sound waves from a source with a constant energy’ output in the 
two media. There is ample evidence to show, however, that 
bell sounds and other noises under water are attenuated far less 
than in air. Even in air, the influence of frictional forces (viscosity 
and heat losses) are not likely to be serious unless the frequeiicy 
of the waves approaches or exceeds the upper limit of audibility. 
Rayleigh refers to the ‘mellowing’ influence of sounds by distance, 
as observed in mountainous countries, and suggests that the effects 
may be due to friction by which the higher and harsher com¬ 
ponents of the sound are gradually eliminated. 

On account of attenuation due to viscosity, the intensity of a 
sound wave spreading in an infinite medium therefore falls off 
more rapidly than the inverse square law of distance indicatok 
This effect is still more marked when the waves are of lai^ 
amplitude. In such cases—as, for example, the pressure pulM 
from a gun or the wave from a powerful sound-signalling source— 
it is probable that the large temperature fluctuations in each 
cycle of pressure may be such as to involve serious heat losses 
due to conduction and radiation. This heat ‘loss’ is actually a 



VISCOSITY AND HEAT CONDUCTION 353 

transfer of heat from the regions of high pressure to those of low 
pressure, the tendency being to produce equalisation of pressure, 
Le. to suppress the wave. Such effects become more serious at 
large amplitudes—that is, near die source. In this connection 
experiments by M. D. Hart, to which we have already referred 
(p. 226), are of considerable importance. He found that the 
sound intensity near a siren source diminished extremely rapidly 
at first, then more slowly as the distance increased. On such 
grounds he concluded that sources of small intensky and large 
area are likely to be more efficient than sources of great intensity 
and small area. This result has an important bearing on the 
design of sound-signalling devices for use in air, and indicates 
that high-pressure intensities must be avoided if attenuation is 
to be negligible. 

Another factor having an important influence on sound 
absorption in gases has been discovered by V. O. Knudsen.* In 
the coui'se of reverberation measurements he found that the 
presence of water vapour had a very marked effect on the rale of 
decay of the sound vibrations. Measuiements of the absorption 
coefficients of air, oxygen, and nitrogen, with varying degrees of 
relative humidity, were made at frequencies ranging from r5 to 
10 kc./sec. In the case of moist air Knudsen found that tlie 
absorption coefficient parsed through maximum values lying 
between 10 and 20 per cent, relative humidity at 20° C., falling 
off rapidly with increase or decrease of humidity and increa.sing 
with frequency only a little faster than a linear law. The observed 
absorption in moist air was found to be from 10 to 100 times that 
calculated from equation (3), p, 350, which also ret|uircs absorption 
to increase with the square of the frequency. The absoqition in 
moist oxygen was found to be about 5 times that in moist air, 
whereas moisture has no appreciable influence in the case of 
nitrogen. These unexpected results received an exjflanation by 
H. O. Knescr,t who pointed out that viscosity and hea» conduction 
were insufficient to explain the facts. (See also p. 275, etc.) He 
developed a new theory of absorption based on the finite period 
of adjustment of thermal equilibrium between vibrating and non¬ 
vibrating (normal) molecules of gas. 

Attenuation at High Frequencies— In measuring the varia- 

* Aceust. Soc. Amer. J., 3, p. 126, 1931 ; 5. p. 64 and pp. 112, 1933 ; and 
6, p. 199, 1935. 

t Acoust, Soc. Amer. J. 5, p. 122, 1933 ; Zeits. f. Techn, Phys., 16, 
p. 213, 1^35. See also Y. Rocard, /. de Phys. et le Rod., 4, p, 118, 1933 ; 
and Campus rendus (Paris), 198, p. 802, 1934. 
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tion of velocity with frequency, G. W. Pierce* observed that 
carbon dioxide absorbed sound energy more readily than air. 
At frequencies of 10® and 2X10* the absorption in GO 2 was re¬ 
spectively four times and more than eighty times the obsorption 
in air. At a frequency of a million p.p.s. CO 2 vv^as found to be 
opaque. Pierce’s experiments have been extended by T. P. Abello,t 
who measured die absorption coefiScient for high frequency waves 
in mixtures of air with CO 2 , N 2 O, H 2 , and He. A beam of 
sound waves of frequency 61X10® p.p.s. from an oscillating 
quartz crystal was passed through various known mixtures of the 
gas and air contained in the tube. In the First series of experi¬ 
ments the sound intensity at the distant end of the tube was 
measured by means of a torsion-vane pendulum (see p. 470) with 
quartz fibre suspension. Later, the emergent beam was allowed 
to fall on another tuned quartz crystal connected to a vacuum 
tube voltmeter.j A logarithmic decrease in the emergent 
intensity was observed as the percentage of CO 2 , H 2 , etc., was 
increased. For example, the intensity was reduced to half-value 
by the addition of 8 per cent. CO 2 or of 13 per cent, hydrogen. 
In argon no absorption was observed. ’ As we have already 
remarked on p. 275, Pierce noticed also a progressive small 
increase of velocity in CO 2 , combined with increased absorption 
at very high frequencies. The theoretical investigations of 
Kneser and others {Loc. cit.) , confirmed by a large volume of 
experimental evidence, have shown that the absorption of sound 
in polyatomic gases is controlled mainly by intemiolecular pro¬ 
cesses, the amount of absorption according to the classical theory 
(viscosity and heat-conduction) being usually small in comparison. 
As we have seen in discussing the di-spersion of sound, the 
variation of velocity with frequency, anomalous absorption takes 
place in the frequency range of strong dispersion. At low and 
high sound-frequencies the absoiplion will be specified by the 
‘classical’ theory, but in a limited range of intennediate frequencies, 
which will vary according to the nature of the gas, the absorption 
coefficient increases due to intermolecular transfers of vibrational 
energ)'. This process involves the assumption of a definite 
molecular ‘relaxation time’ ‘fl ’ (see p. 275). Measurements of 


• Loc. cit., p. 259. See alsu N. Neklupajjev and P. Lebedew. Ann. d. 
Physik, 35, p. 171, 1911. 

I (1) Nat. Acad. Sci. Froc„ 13, p, 699, 1927, and (2) Phys. Rev., 31. 
p. 1083, 1928. See a! o K. F. Herzfeld and F 0. ft ice, Phys Rev., 31, 
p, 691, 1928. 

tSee, for example, E B. MoiiHin, Journ. I.E.E.. 61, p. 295, 1923. 
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found absorption at high frequencies have been made by W. H. 
Pielemeier,* J. G. Hubbardjf R. W. Curtis $ in air, GOj, and 
helium. The effect of impurities in gases, as remarked above, 
may have an important influence on the absorption. The 
absorption of high-frequency vibrations in ‘smokes’ of magnesium 
powder, stearic acid, and lycopodium (puff-ball) has been measured 
by T. J. Laidler and E. O. Richardson.§ The results indicate, in 
accordance with theory, an increase of absorption with concentra¬ 
tion. The increase of absorption with frccpicncy, however, was 
found to be greater than that theoretically anticipated. Boyle and 
Taylor || have looked for a change of velocity in w'ater in which 
(,=0 013 and c=r5Xl0‘'’ cm./sec. The value of 8c, calculated 
from equation (2), is O’028 cm./sec. at 6X10'"’ p.ps., a change 
which is undetectable. Even in a very vi.scous oil at this frequency 
Boyle and Taylor could detect no certain diminution of velocity. 
Using the, optical method previously described (p. 286), P. 
Biquard has tried to measure sound absoiption in liquids, the 
absorption coefficient being detennined by the intensity of the 
diffracted light. Tlie experiments were made at a frequency of 
8 X10® c./sec. approximately, and in ail cases the absorption 
coefficients of a wide range of organic liquids were found to be 
considerably greater than the calculated values. Similar obser¬ 
vations have been made by others, for example, R. Lucas** 
has also found that the absorption coefficients of several liquids 
are much greater than tlie values calculated from the theories of 
Stokes and Kirchhoff. H. Grobe.tf also using the optical method, 
confirms these general conclusions in the rase of GGU, toluol, 
ethyl alcohol, and water. Absorption was found to be pro¬ 
portional to the square of frec[uenry. H. O. Kneser ft has 
derived absorption formula’: fur liquids similar to those for gases 
and has made measurements on 12 liquids which vlve results in 
agreement with the theory. 1'he effects of teiupe;ature and con¬ 
centration, of mixed liquids, are also dealt with n the theory. 
S. L. Quinihy has determined the viscosity of glass and metals 


* Phys. Rev., 34, p. U8L 1929 ; .35, i>. I'll?. 1930 ; 36. p. 1006, 1930 : 
37, p. 16R2, 19.31 ; 41, p 83.3, 1932. 
tPAys. Rev. 35, p. 1442, 1936. 

t Phys. Rev., 46, p. 811, 1934. See also E. Oro'-'.tniann, Phys. Zeiu., 
33, p. 202, 1932. 

iAcoust. Soc. Amer, /., 9, p. 217. 1938. 1|/..or. cit., p. 276. 

If Comptes rendus {Paris), 197, p. 309, 1933, and 206, p. 897, 1938. 

**/. de Phys. et le Rad., 8, p. 41, 1937. 

^iPhys Zeits., 38, p. 333, 1938. ft/l«n. d. Phy.sik, 32, p. 277, 1938. 
iiPhys. Rev. 25, p. 558, 1925, and 31, p. 1113, 1928. 
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under the rapidly aiternating strains due to longitudinal waves. 
At frequencies of the order 40,000 p.p.s. he found viscosity co¬ 
efficients of the order 10^ for glass, aluminium, and copper, 
whereas tlic constants determined by static methods are of the 
oitler 10*^. Oscillograph records, showing the decay of kingitudinal 
oscillations in steel bars supported on threads, indicated that the 
fractional loss of energ)' per cycle due to internal friction in solid 
media is a constant of the material independent of the speed of 
performance of the cycle. The internal damping in solids may 
also be determined fioni observations of- the sharpness of reson¬ 
ance. The difference in resonant properties between a steel and 
a copper bar are sufficiently obvious ; a similar large difference 
fn internal damping is noted by VV. G. Cady betueen quartz and 
steel rc.sonatois (see p. 149). 

It is becoming increasitigly evident that the tlieorics of Stokes 
and Kirchhoff for the sound attenuation in gases and liquids due 
to viscosity and heat conduction are insufficient to explain the 
experimenlal obscpcations at higher frequencies. In a paper 
dealing with the theory of internal friction and sound absoq^tion 
in gases and li(juid‘; E. .Skudrzyk * gives tables conqiaring the 
absorption eeefficient.s ' ^ 10^^') for a large niunber of liquids, as 

calculated from classical the.orv' and as mc.wurefl. The values of 
measured alrsorjUion eoustani Nary from 710 for C'S-^ to 0‘66 for 
mercury and are, in general. liigh<*r, arrd oUen much higher, than 
the classical calculated values -for exaTUjrle. the classical value for 
CS 2 is 0‘27. In the ra'^e of glycerol, however, 'calculation gives 320 
and nieasurcriieitl 200. Similarly for gases, the measured values 
of attenuatioir ate alw.tys greater than thr. classical theoi'y and. even 
when a correction has been applied to (he theory, are never 
smaller. R. T. lieyci .ual M. G. Smitlr t came to the. same 
conclusion as Skudrzyk as a result of their measurements between 
3 and 40 Mc./scc. of the souircl absorption in ethyl acetate and 
aqueous solutions of ccjrper acetate. J. M. M. Pinkerton also 
arranged liquids in order of their measured attenuation co¬ 
efficients and divided them into groups. He found a very wide 
discrepancy between measured and classical theory values. 
With certain excejrtions, CS-j and certain acetates, it appeared that 
the ratio was constant in most liquids up to 100 or 200 Mc./sec. 
At high frequencies information is lacking except for mercury for 
which <//" is constant up to 1000 Mc./sec. 


• Phys. AuslriaCfi, 2, 118, 1948. 
f/. Ac. Sor. Arnn., 18, 424, 1946. 
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G. W. Willard * and also J. R. Pelham and J. K. Galt f 
measured a large number of organic liquids, some of which are 
included in Pinkerton’s analysis. The latter measured absorption 
in water arid ethyl alcohol, in a frcquency-range 7*5 to 67’5 
Mc./sec. over a wide range of temperatures. For water was 
constant, the absorption decreasing with increasing temperature 
by a factor of 8 between 0 and 100° G., and about 3 times that 
calculated from the Stokes formula. A very comprehensive series 
of measurements of the absorption of high frequency sound in 
water arid aqueous solutions of electrolytes has been made by 
G. Kurlzc and K. Tamm.^ The total frequency-range examined 
extended from 4 kc./s. to 300 Mc./sec., the experimental methods 
used \’arying with the particular frequency-range studied. From 
4 to .')0 kc./scc. the absorption was detennined from the decay of 
single normal mode.s of oscillation of a spherical vessel filled with 
the solution. In the medium range f50“M000 kc./sec.) a re¬ 
verberation method was used. Above 1 Mc./sec. the attenuation 
of pri’gre.ssixc waves \vas measured by an optical method using 
two different fechni((ues, from 3 to 15 Mc./sec. using the Dcbye- 
Sears effect and measuring fust order diffraction intensity by a 
photocell, and from 20 to 100 Mc./sec. also by an optical method 
over a path-length of only a few centimetres. In the frequency 
range 100 to 300 Mc./sec. an impulse method w'as used with a 
piezo-clcctric receiver and a delay line of fused quartz. In 
addition to water a large variety of solutions of electrolytes were 
studied : chlorides, sulphates, chromates and phosphates of 
Be, Mg, Mn, Zn, Cu, Ca, Al, Na and H 2 , as well as mixtures. 
Measurements in water gave a valuer //^“25X10"5,v®/m at 20°G. 
independent of frequency down to 100 kc./sec. 1—I valent electro- 
lyte.s (NaCl, NaBr, KBr, KI) have in general no higher absorption 
than water. 2—I, 3—1 and 1—2 valent electrolytes are the same as 
water at the lower frequencies but higher at frequencies above 
10 Mc./sec., 2—2 valent electrolytes (mainly su phates) have 
considerabk' absorption over the whole frequency-range. 3—2 
valent electrolyte Als:(S 04 ).s has the largest maximum value of 
Q\ (molecular absorption cross-section) of all salts examined. 
The results definitely indicate relaxation processes probably 
arising front hydrolysis. The research work of the Acoustics 
Division of the National Physical Laboratory of India, directed by 


•/. Ac. Sor. Amer., 12, 438. 1941. t/• Phys., J4, 608. 1946. 

t Acustica. 3, 33, 1953, and with M Eigen in Zeits. f. ElektrochenUef 
57, 103, 1953. 
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5. Fautmsaraihy has fur many years been cQncentrated on the 
measurement of H,F. sound absorption in liquids (mainly organic). 
The methods used include the now well-known optical methods of 
Brillouin, Debye and Sears, Bergemann and others (see p. 285), 
and a thennal method based on the fact that absorption co¬ 
efficients bear a constant ratio to heat output. These researches 
have demonstrated the equivalence of sonic and thermal energy 
(I=JH)—the measurements yielding a value of Joule’s equivalent 
J conforming accurately with the value obtained by the more 
conventional mechanical and electrical methods. T’he constant 
ratio of sound absorption and heat appears to hold good in all 
liquids up to about 5 Mc./sec., but at 15 Mc./sec. it appears to 
fail. Highly anomalous liquids like benzene and carbon di¬ 
sulphide do not show the proportionality even between 3 and 5 
Mc./sec., the heat output being much less than the corresponding 
output for other liquids. Researches at the Corbino Ultrasonics 
Institute, Rome, directed by A. Giacomini f have covered a very 
wide range in ultrasonics, and include many researches in gases, 
liquids and solids. A number of papers by 1). Seltc J deal with 
relaxation phenomena in liquids and vapours. P. G. Bordini § 
has investigated absorption in solids and in the p.scudo-solid state 
of liquids {e.g. naphthalene and beeswax) over a range of tempera¬ 
ture. There is a strong increase of absorption with temperature 
accompanied by a decrease of velocity. An experimental study of 
ultrasonic velocity and absorption in vapours (COj and ethylene) 
has been made by H. D. Parbrook and E G. Richardson (| 
betw'een 0‘5 and 2 Mc./sec. and at pressures up to 100 atmospheres. 
At pressures above 10 ats. the results are independent of frequency 
in the gaseous phase. Velocity and absorption reach a minimum 
near the condensation point. The ultrasonic viscosities calculated 
are 1000 times those derived from transpiration measurements. 
R. D. C. Reed '(J has obtanined relaxation curves for various 
solutions of gums, of rubber in benzene, and of perspex in pyridine. 
The rubber and perspex solutions show'ed ab.sorption less than that 
of th(i pure solvents. Solutions of sugar up to 70 per cent, 
concentration showed absorptions little different from that of pure 
water. 


* /. of Sci. md fnd. Research India, 12A, No. 6, 1953 (ihia paper 
contains a list of 35 referencfs lo rpcfnt work ol this laboratory), 
t Nuoi'o Cimento, 7, 81, 1950. 

t Pub. Inst. Corbinn {Rome), No. 129 (with 129 referenccB). 
i Corbino Inst. Pub., Nos, 121 and 128, 

.\\Proc. Phya. Soc. B„ 6S, 437, 1952. \ Nature, 172, 443, Sept. 5, 1953. 
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Sound Absorption in Narrow Tubes and Cavities. 
Porous Bodies —Certain types of sound-absorbing media may 
be regarded as a mixture of gas-solid or gas-liquid. Thus cork 
and felt are examples of the gas-solid ‘mixture’ and frothy liquids 
as a gas-liquid mixture. It is always found that sound waves are 
greatly attenuated in their passage through such materials. The 
effects of viscosity and heat conduction in degrading the sound 
energy are greatly increased when a gaseous medium (air, for 
example) is brought into contact with a large surface area of solid 
or liquid. The viscous forces are increased because the tangential 
motion of the gas layers is hindered by the proximity of the solid 

wall. Lamb* shows that the linear magnitude /i=:(43tv,/N)‘ 
(where —kinematic viscosity and N=frequency) may be regarded 
as a measure of the extent to which the viscous ‘dragging’ effect 
penetrates into the gas. At this distance the velocity is within 
2 Voo of the normal value at an infinite distance from a solid surface. 

In air, in which 13, we find h~\ 29/N ^ cm. At a frequency 

of 1000 p.p.s. the viscous drag therefore extends 0*04 cm. from a 
solid surface. When the diameter of a tube is small, the conduction 
of heat from the centie of the air column to the wall becomes more 
and more rapid. Ultimately in a very narrow tube the temperature 
of the gas remains throughout the same as that of the solid conduct¬ 
ing wall; the rarefactions and compressions being isothermal, as 
if no heat were developed at all. The velocity of sound in such a 
tube must be Newton’s isothermal value Vk/p heat con¬ 

duction will not appear in the viscosity factor. In the case of a 
narrow tube of circular section (radius r), Rayleighf shows that 
the form of the wave at a distance x along the tube is represented by 

cos nt where ■<=2\/ y.yn/cr. 

The attenuation constant «c therefore varies directly as the square 
root of the product of kinematic viscosity i-i, the rado of specific 
heats 7 and the frequency N (=n/2»r), and varies inversely as the 
product of the velocity of sound c and the radius of the tube r. 
In the case of air i^i=0*13, i —1*41, <7=3*3X10^, whence 

<=0*65X10-VN/r. 

At a frequency of 1000 p.p.s. the attenuation constant in a tube of 
radius 0*001 crn. is therefore <—2*05, the amplitude falling to \/$ 
of its initial value in 0*5 cm. approximately. When the diameter 


* Sound, p. 192. 


\ Sound, 2, p. 331. 
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of the tube is so great that the thennal and viscous effects extend 
only a relatively small distance from the wall we arrive at the case 
already considered on p. 254 which refers to the velocity of sound 
in tubes as a function of the radius of the tube. * Rayleigh’s treat¬ 
ment of the absorption of sound in very narrow tubes is of course 
applicable in principle to any form of air cavity in which the gas 
is everywhere in close proximity to a solid wall {i.e. all distances 
are less than ^/i’), The smaller the radius of the cavity the greater 
are the viscous forces and the more raijidly is the sound energy 
absorbed as it passes along the cavity. The absorbent properties 
of hangings, carpets, cushions, and such-like air-permeated bodies 
have long been appreciated as a means of suppressing reverbera¬ 
tion. In large halls and public buildings where such commodities 
are not always available special sound absorbent materials are 
now freqiunitly used as a remedy ff3r excessive reverberation. We 
shall have to consider this cjuestion in greatei detail later. The 
problem of sound absorbers under vsater, e.g. for anecholc tanks, 
will be dealt \sith under anechoic rooms in the section on Acoustics 
of Buildings. 

Stationary'Wave Method of Measuring Absorption Co¬ 
efficients of Porous Materials---Wc shall assume that the sound 
energy which is incident on the surface of the porous substance 
is either reflected or absorbed, none being transmitted. This 
condition is obtained in practice by backing the porous material 
with a perfect reflector. On p. 'Ill it has V’cn shown that the 
reflection coefficient of an imperfect reflector, on which plane 
waves are incident normally, is given by 



where a is the incident and r the reflected amplitude, and fif< is 
the ratio of minimum and maximum amplitudes observed in the 
stationary wave formed by interference between the direct and 
reflected waves. The coefficient of absorption is, by definition, the 
fraction of the incident sound energy lost at reflection, i.e. 

' _ _ 

This expression is due to H. Taylor,f but the stationary-wave 
method of determining absorption coefficients was first proposed 

* See L. E. Lawley, Proc. Phys. Soc, B., 65, 181, 1052. 
t Phys. Rev., 2, p. 270, 1913. 
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by J. Tuma,* and was followed by the experimental observations 
of F. Weisbach.f More recently E. T. ParisJ has improved the 
technique of the method and has obtained much valuable informa¬ 
tion relating to the reflection and absorption properties of mate¬ 
rials. The arrangement which he used (see fig. 99) consisted of a 
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Fig. 99 

(From Oavis and Kaye, Au)v$i%cs of Bmldingt) 


large earthenware pipe (‘^0 cm. diameter, 226 cm. long) closed at 
one end by the specimen of porous material, backed by a good re¬ 
flecting material. At the other end, a large ‘loud speaker’ actuated 
from a value oscillator, supplied a sound of constant frequency and 
intensity. By means of a calibrated resonant hot-wire microphone 
(see p. 440) the amplitude along the axis of the tube was measured, 
Ae ratio of the maximum and minimum value.s, x and /!, being 
then utilised in the above relation to calculate the absorption 
coefficient. The method is simple, direct, and acemate, and only 
small quantities of absorbing material are required. It is used in 
a slightly modified form at the National Physical Laboratory', and 
at the Bureau of Standards (Washington). Paris determined in 
this way the absorption coefficients of various kinds of acoustic 
tiles and plasters, values from 0* 10 to 0*36 being observed. As 
the theory of absorption indicates, the absorption coefficients were 


* Siez, K. Akad, d. Wisf, 33, p. 402, 1902. 

t Ann. d. Physik, 33, p. 763, 1910. Al.>.o Eckharfli and Chridcr, Bureau 
of Standards, No, 256, 1926. 

tProc. Phys. Soc., 39, p. 269. 1927 ; Proc. Roy. Soc., IIS. p. 407, 1927, 
funn Phil, Mag., 4, p. 907, 1927. 
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found to increase with the frequency of the incident sound ; in a 
particular specimen the successive values were 0‘13, 0*26, and 0*31 
at frequencies 380, 512, and 650 p.p.s. The coefficient of absorp¬ 
tion was found to increase also witlj increasing thickness of porous 
material, approaching an upper limit when further increase of 
thickness produced no change in the amount of energy absorbed. 
A layer of 4 in. of kx)sely packed cotton-waste was found to absorb 
91 per cent, of the sound energy incident upon it, the frequency 
being 512 p.p.s. 

Absorption of Sound Waves in Turbid Media —Theoretical 
investigations such as those of Rayleigh and l^amb lead to the 
conclusion that absorption of sound energy by a medium contain¬ 
ing suspended particles increases as the wave-length diminishes. 
Tyndall’s fog experiments indicate, however, that waves of the 
order I metre long are not appreciably affected. Altberg and 
Holtzmann,* using wave-lengths of the order 1*5 cm. to 6'5 cm., 
found increased absori)tion by smoke as the wave-length diminishes. 
The waves were set up in a tube, and the intensity of sound passing 
through the tube was measured by a torsion pendulum. It was 
found that a layci of .smoke 56 cm. thick, the concentration being 
7*3X10 *^ grm./i.i.. \aried from 24 per cent, for ;.=:.5*6 cm. to 
70 per cent, for > ~r5 cm. 

Sound Transmudon in Fluid Mixtures and Siispt^usions of Solid 
Particles —The phenomena of sound absorption in porous solids 
are exemplified also in ‘porous liquids,’ if it is permissible to use 
the term, A tumbler full of water is rcsonam and rings clearly 
when struck with a hard object, but emits a dull, non-resonant 
sound when the water is frothy or full of gas-bubbles. The effect 
is simply demonstrated with a spoonful of effervescent salt in half 
a tumbler of water. As the bubbles disappear the resonant quality 
returns. 

Similarly, a suspension of solid particles in a liquid produces 
an increase of damping and a change of velocity of sound in 
the mixture. If the particles (solid or gas) suspended in the 
liquid are sufficiently small the granular medium may for con¬ 
venience be regarded as homogeneous and the fine structure of 
the sound transmission process ignored. Of course, at very high 
frequencies, this cannot be true and the possibility of relaxation 
effects must be taken into account. 

To determine the velocity of sound in a mixture of two fluid 


♦ Phys. Zeits,, 26, p. 149, 1925. 
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media or a suspension of solid particles in water,* we shall 
assiune that the velocity is the same as that in a homogeneous 
fluid of the same mean density p and mean elasticity E as in the 
mixture. Let piEj and P 2 E 2 represent the density and elasticity 
of the constituents 1 and 2 respectively. Then let x=the pro¬ 
portion of the first constituent by volume and (1—A:)=the pro¬ 
portion of the second constituent by volume. The mean density 
p is therefore 

P=XPi-f (1~X) p2 . . . (1) 

We must have also 


1 _ X (1—^) 

E El E2 


whence the mean elasticity 


E: 


E,Ej 


.vE^- f- f 1 — X) El 


( 2 ) 


and the mean velocity 





E1E2 


jxEa-h (1 —x) El (j.vpH- ( P^Y 


(3) 


These expressions are applicable to a mixture of any two fluid 
media, which do not react chemically. Wc shall apply equation 
(3) to determine the velocity of sound in a mixture of non-rcsonant 
air-bubbles and water. In this case we have 


for air Pi-~. 0-0012 Ei=r2XlO'‘, 
for water E 2 ~ 2 ‘25X10'®. 

Employing these values in equation (3) for the mean velocity and 
substituting various values of x (the fraction of air by volume) we 
obtain the curve shown in fig. 100, Here it is seen that a pro¬ 
portion of 1 part air in 10,OCX) parts water lowers h e velocity of 
sound in the water by about 40 per cent. The curve also reveals 
that the velocity reaches a minimum value when the volume of air 
is equal to that of the water. This minimum velocity is only 
about 1/15 (22 metres/sec.) of the velocity of sound in air alone. 
Under such conditions the mixture may be regarded as 
‘froth,’ the water merely serving to load the air-bubbles (the 
springs) and consequently to lower the velotdty of transmission. 
On these grounds a small lowering of velocity might be anticipated 
in the case of sound transmitted through dense mist or fog—that 

♦ See also C. Brndficld {loc. cit., p. 277 b) ; R. W. Morse, /. Ac. Soe, 
Amer., 24, 696, 1952 ; E. Meyer and E. Skudrzyk, Acustica, 3, 434, 1953. 
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is, in air loaded with fine particles of water. So far as the 
writer is aware, there is no experimental information bearing on 

this point. It will be seen 
from the curve, as is other¬ 
wise obvious, that the 
velocity becomes equal to 
the velocity in water or 
air respectively as x is 
equal to zero or unity. 

Tlic damping being due 
to the large volume varia¬ 
tions in the liquid sur¬ 
rounding each bubble, it 
may be calculated in the 
case of a spherical bubble 
suiiounded by a sphere of 
viscous (but incompres?- 
sible^. fiuid subjected to a 
simple harmonic variation 
of radius. The efficiency 
of the bubbles in damp¬ 
ing vibrations increases 
rapidly both as their dia- 
wau, and distance apart 

Fio. .oo-Vcloc..yofSoun<lin Air-Water T'"* may bc 

Mixtuiea veribed experimentally. 

From expressions (1) and (3) above we may deduce the reflec¬ 
tion coefficient of a mass of air-bubbles in water. The acoustic 
resistance (Pt ) of the mixture is clearly 



przrr VE p — 


I fb K2 ’{;rP 1 -f- (I ■ -a: j p'-*} 
” xE:r-f 


w 


The reflection coefficient of a ‘thick’ (.semi-infinite) layer is from 
equation (6a), p. 302. 


PC ‘ P5C2/ 


( 5 ) 


where pc refers to the mixture of air and water (see equation (4)) 
and P 2 C 2 refers to the clear water. The reflection from a layer 
of bubbly water of relatively sniall thickness may similarly be 
calculated using equation (10), p. 306. The percentage energy 
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reflected {»^) is plotted as a function of x (the ratio by volume of 
air to water) in fig. 101. 

This curve illustrates the serious reduction of intensity which 
might occur when a sound 
wave encounters a mass of 
air-bubbles in the sea. The 
noise of a ship’s prfipcllcr 
is seriously reduced by the •?» 
bubbly water in the wake. 

In such cases, as the fore- S 
going remarks will show. ^ 
the incident energy is par- ^40 
tially reflected and partial- 5 
ly absorbed, the loss in- Ijq 
creasing rapidly as the 
proportion of air to water 

jnci cases. ^q-s jq-s ^q-4 io‘* io*' 

Ratio of air to wattr (1 v votanfe) 

TransmiSvSion of Sound Fig. loi- Reflection ^5 Soinfl fron’. Air- 
through the Afmosphzrc. 

Audibility of Fog-Signals^ Fhe various factors afTecting sound 
transmission, which we have hitherto considered independently, all 
combine in varying degrees to influence the range of pro])agation 
of sc'unds in air. Wind, temperature gradients, reflection, scatter¬ 
ing, refraction, interference, diffraction, and viscosity all have an 
important influnue on the charactru’ of tire wave-front as it 
advances from a source of sound through a heterogeneous medium 
such as the atmosirhcie. The influence of the meteorological 
conditions on sound transini.ssion through the atmosphere has long 
been recognised. T'lrc* first experiineirtal study of .such influences 
was made by T’yndall* in connection with tire airdibility of fog- 
'ignals sent out frotir Trinity Hou.se sirens rnounf’d at South 
Foreland Lighthouse and on various lighl-vTs.sels. The import¬ 
ance of such investigations in relation to the navigation of ships in 
foggy weather, rvhen lights carrnol be seen, need not be stressed 
here. There is not only a large annual loss of life due to fog, but 
in addition to the loss of ships by collision the pecuniary loss is 


also very great when large numbers of vessels are prevented from 
entering harbour on account of fog. The systematic use of sound 
signals for marine protection is of comparatively recent date in 
spite of the fact that Tyndall and, later, Rayleigh had long ago 
indicated its possibilities and devoted special attention to its 


* Phil. Trans, Roy. Soc., 1874. 
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development. Tyndall came to the conclusion that ‘temperature 
refraction’ and a flocculent condition of the atmosphere, arising 
from the unequal heating and humidity, were responsible for the 
large fluctuations frequently observed in the range of audibility 
of fog-signals. Contrary to the opinion generally held at that time, 
he found that the presence of fog favoured the transmission of sound 
signals, tlic atmosphere being then in a more homogeneous con¬ 
dition, j)articularly with respect to temperature gradients. Tite 
refraction of the sound wave by temperature gradients would be 
reduced and the coiulitioji of the atmosphere would be more 
favourable to the propagation of sound. The scattering effect of 
the minute fog particles would be very small for wave-lengths of 
the order of 5 ft. T\Tidall observed the duration of the reverbera- 
tion of the blast of a siren situated on a cliff overlooking the sea 
(South roreland). ()ji a clear day with a smooth sea the echo of 
gradually diminishing intensity sometimes la.sted Ifr seconds. The 
explanation offered, namely, that the echoes were returned from 
invi.sible ‘acoustic clouds,’ seems not improbable. On this 
hypothe.sis Rayleigh offers an explanation of certain anomalous 
results obtained by Tyndall. The latter found that different kinds 
of signals did not always i)reserv'C the same order of effective¬ 
ness, a siren (giving a continuous blast) being sometimes better 
and sometimes worse, as regards range of audibility, than a gun 
giving a single impulse. Rayleigh points out, on the grounds that 
energy cannot he lost by reflection or refraction, that the intensity 
of radiation at a given distance fjnni a contircious source of sound 
is not altered by the acoustic ‘cloud,’ the loss due to the intervening 
parts of the cloud being compensated bv reflection from those which 
lie beyond the source. “If the sound is of short duration, however, 
the intensity at a distance may be very much diminished by the 
cloud on account of the different distances of the reflecting parts 
and the consequent ‘drawing out’ of the sound, although the whole 
intensity, as measured by the time integral, may be the same as 
if there had been no cloud at all.” 

The work of Tyndall and Rayleigh has in recent years been 
extended by a uiimber of workers, notably G. I, Taylor, L. V. King, 
E. A. Milne, W. S. Tucker, E. T. Paris, M. D. Hart, E. S. Player, 
and others.* Such experimenters have dealt chiefly with two 
types of phenomena ; (a) scattering effects due to acoustic clouds, 

• E. A. Milne, ‘.Sound Waves in the Almo.'^phere’ {Phil. Mag., July 
1921) ; W. S. Tutker, Journ, Roy. Soc. Arts, 71, No, 3659, Jaii, 1923 ; 
Hart and Smith, Principles of Sound Signalling (1925). 
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fog banks, air vortices, and other atmospheric discontinuities, and 
(b) reflection and refraction effects due to more or less continuous 
variations in such factors as wind, temperature, and humidity, 
which may influence the velocity of the wave-front, W. S. 
Tucker and his staff have made a study of ‘meteorological acoustics’ 
at a station situated near North Foreland, selected on account of 
its favourable situation relative to a number of light-vessels fitted 
with sirens. As an instance of the remarkable fluctuations of 
intensity of the received sound on a typical English summer day 
when the .sky is clear or possibly flecked with white cumulus cloud. 
Tucker refers tc) a record of the sovind emitted at one-minute 
intervals from the North Goodwin light-vessel siren (seven miles 
away). T he record shows irregular variations of the order 30 to 1 
in intensity within the space of a few minutes. On certain 
occasions the sound is ‘scattered’ by atmospheric ‘patches’ of 
abnormal acoustic resistance, and it soinetiiTK^s becomes impossible 
to determine the direction of the soiirct; of sound although it 
is clearly audiVjle. This difficsion or scattering of the sound is 
analogous to the. effect of light penetrating a fog. \ large collec¬ 
tion of data of this n.ature courlated with weather, temperature, 
and humidity conditions lias thrown a good deal of light on this 
complicated jiroblern. The apparatus used by Tucker and Paris 
for mea.suring the strength of fog-signals has been - descilbc'cl 
by Paris.* It consists essentially of a hot-wire re.sonated 
microphone tuned to the frecjuency of the sound and connected 
to a sensitive indicating or recording galvanometer (e.g. the 
Einthoven string galvanometer). With this apparatus an inter¬ 
esting acoustic survey! was made of the sound emitted in different 
directions from a diaphone fitted in thfj Caskets Lighthouse. A 
vessel carrying the tuned microphone and recorder circled round 
the lighthouse at a constant distance of two miles and the ampli¬ 
tude of the received sound signal was plotted as a function of the 
bearing of the ship with respect to the cliaplione. The honi of 
the latter pointed upwards, so there could be no directional effect 
at the source. A south-easterly wind of 2 miles per hour was 
blowing anti the atmosphere was clear. The re.sult of such a 
survey is sliown in fig. 102. The normal temperature gradient was 
such as to refract the rays of sound upwards from the surface of 
the sea. Thus to the south-east the tendency of the wind would 
be to enhance such an effect, whilst to the north-east the tendency 


* Jcurn. ScL Instrs^ 3, 6, p. 187, 1926. 

tSee also L. V. King, Phil, Trans,, 218, p. 219, 1919. 



366 


ATTENUATION OF SOUND WAVES 


Avould be towards neutralisation. This is clearly shown in the 
|wlar curves of amplitudes. The fluctuations of observed ampli¬ 
tudes from blast to blast are of the kind generally encountered in 
this class of work and are not unusually large. They are no doubt 

due to atmospheric conditions, 
possibly to moving eddies. 
Tucker refers to records of a 
sound arriving by two distinct 
paths on a clear day with a 
strong following wind whose 
velocity alternately increased 
and decreased with increase 
of height. 'The effect heard 
by the observer was the same 
as if every blast of the siren 
were doubled. . E. S. Player* 
considers that the only factor, 
ajjart from wind and tempera- 
Uire gradients, in which the 
changes are at all comparable 
with the large and sudden 
variations in the range of audible transmission is humidity. 
Comparative charts of humidity and .audibility (loudnes®) of a 
siren indicate a close correlation. 

The cflect of water fog particles in air was investigated experi¬ 
mentally by Knudsen, Wilson and Andci-sonf who measured the 
reverberation time in chambers filled with artificially-produred 
fog. The distribution of drop size was determined. In a 
theoretical jjaper P. S. Epstein and K. R. CarhartJ analyse 
Knudsen’s data and use it to test their the.oretical deductions. 
The suspended particles are assumed spherical and the diffraction 
problem for a fluid sphere (water) in a different fluid medium (air) 
is solved, taking into account viscosity and thermal conduction. 
Numerical estintates are made for w'ater-droplets in air, and a 
reasonable agreement with Knudsen’s attenuation measurements 
on water-fog was found. 





Fir- loa 


* Quart. Journ. Ray. Met. S^c., 52, p. 1926. 
t/. Ac, Soc. Amer., 20, 849, 1940. 
t F, Ac. Soc. Amer., 25, .553, 1953. 
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Explosive Sounds. Zones of Silence —The firing of a gun 
or the detonation of an explosive charge is accompanied by a 
pressure wave of very large amplitude which, in some cases, may 
be detected at very great distances (of the order of a hundred 
miles) from the source. Such elTccts are comparable in magnitude 
with ‘natural’ explosions accompanying a flash of lightning. Waves 
of such enonnous intensity nvcal abnoimalities which are not 
noticed with ordinary sounds of small amplitude. The high 
velocity near the somte wlnie the amjrlitude is large, and the 
c'hange of wavo-foim as the wave jnogi'csses are two of these 
abnormalities which have already beeit mentioned. Wherever a 
sound wave- from a large. exj)lf)siriii ran be detected it is always 
accompanied by a s>ii < f*s‘>iou erf piessme pulses arriving -by 
difTerent j)alh« after leliection or refraction in tire atmosphere. 

A ])hcnomruon cominrjii lo all large ('xjrlo'jious in air is the 
occurrence of region-- wlart. tire sound i'- nut andiirle (or otherwise 
delectable), whiKt at distancr'i the st)imd is quit<' distinct, 

ryndall icleis to siu h /ont's of -ilcnce exittMicncefl wllii ordinary 
log-.si'fiials, a sigtral being audibie for e.xarii[)]c, IrcMii 0 to 2 and 
from -1 to 6 miles, };ut quite iiraudible between 2 arid d miles, 

rhe ex]rlcj.sion ellecls to which we now refer are .simihir, but the 

.scale is much greater. When a large charge, is cx])loded, the 
icsnliing noise may, for examjrle, be heard for a distance of 
60 miles or ‘■'o smtoiinding tire charge, and again beyond 100 
miles, but not within the range 60 to 100 miles. Within the inner 
2 onc of audibility the .sound tia\els at hist with abnormally high 
velocit) and snbseqneniK Avith the normal vidocity of sound. 
The direct wave is steadily attenuated in its passage over the 
eaith's smfacc, and at an average distance of about 60 miles 
becomes inaudible. The sound waves reaching the otrtcr zone 
of andibility appixir to have travelled w'ith an abnormally low 

velocity, but this is not the case. Actually, the soui d heard in 

this zone has travelled by an abnormally long path, via the higlier 
atmosjihcre and ultimately down tc* the ground again. I’here is 
some dixergence of opinion as to the actual inerhanism of this 
abnormal wave, whether it is bent dowmwards into the outer 
audible zone by refraction (due to air currents and temperature 
gradients) or whether it is reflected from a layer of the stratosphere 
30 bin. or more from the ground, at which level the velocity of 
sound iircrcases with height. The effects doubtless arise as a 
result of the peculiar meteorological conditions at the lime of the 
explosion. As an example we may refer to the explosion of a 
25 
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large ammunition dump at Oldebroek, Holland, in January 1923, 
which was recorded at various distances up to 500 miles, but was 
not detected between 60 and 100 miles from the origin. Similar 
observations were made of the Oppau and La Gourtine (May 1924) 
explosions. Numerous observations and explanatory theories 
were immediately forthcoming, in connection with which we may 
mention the names of Dufour, Deslandrcs, Esclangon, Villard, 
Maurain, Collignon, and othcis.* Dufour and Villard point out 
that records of explosions at long ranges (in the other ‘audible’ 
zone) show no trace of vibrations of audible frequency which 
would constitute the ?ioise of the explosion, the jirincipal effect of 
the explosion at La Gourtine being a pressuic fluctuation in Paris 
(230 miles away) of frc(|uency about one peritxl per second. 
Villard considers that such slow oscillations are the primary effect, 
whereas the noise is an accessory phenomenon of negligible 
importance. 

An interesting example of a large explosion wave being 
heard in two zones separated by a zone of silence has been 
described by I'. J. W. Whi}iple,t the source of sound being a 
detonating meteor (September 6, 1926). From numerous observa¬ 
tions it was deduced that this meteor exploded at a height of 
30 to 40 km. (20 to 25 miles approximately). The sound of the 
explosion was heard (like thunder) at distances up to 60 or 70 km., 
then a zone of silence followed by a second audible zone. The 
hypothetical track of the sound rays from such an ‘explosion’ is 
shown in fig. 103, taken from Whipple's paper. Possibly the 



sounds of a ‘detonating’ meteor are due to ^onde de choc* at high 
speeds (30 km./scc.). 

• See Comptes rendtis, 178 and 179, 1924. 

Monthly Notices R,A.S^ p. 89, Oct. 1928. See also Nature, 131, 
p. 136, 1933 ; Q. J. Roy Met. Soc., 57, 1931 ; and W.S. Tucker, Q. /. 
Roy, Met, Soc., 59, p. i03, 1933. 
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Transmission o£ Sound through the Sea —The sea is a much 
more homogeneous medium for sound transmission than the 
atmosphere. As we have seen, large fluctuations of intensity and 
changes of apparent direction of sounds in air arc not infrequent 
and are liable to occur iji a short s[)acc of lime. Tn the sea the 
conditions arc much more consistent. The cfTects of tidal 
currents, analogous to \\lnd, aic ])iactically negligible, a 5-knot 
tide (about 9 ft./scc.) an’ccling ti\c \elocily of sound (5000 ft./sec.) 
only slightly. Tenipcrature gradients in the sea, although less 
serious than in the atmosphere, iimlcr certain eirt umstances may 
become important. Thus 11. Lichic* has obser\'ed seasonal 
variations in the range of transmi.ssion of under-water signals, 
which lie asciihes to the refiaction produced by tenqierature 
gradients in hcni/f)ntal layers of the s(‘a. As w<' liavo seen (p. 325) 
such giadieuts may cause a sound-jay to ciuxc u])\\ards or down¬ 
wards (according to the sign of the (eni])i‘ialuTe gradient), the 
\va\e b(‘itig contiiujed to greater distances 1)\ ?ucces''i\e reflection 
at the surface or tlu' bottoni. On account of the smaller ab.sorpjtion 
of sound wa\'es in water and die limit to the \ciiical spreading, 
considerably gientci ranees an' obtainabli' in water than in air 
for the expenditure of a given amount of power. Thus a 
Fessenden oscillator (.see ji. 390') having a 50 ]jer rent, eflicicncy 
and consuming abiait 1 k\v. can be heard at 20 or 30 miles under 
the sea, whereas a siren (<if 10 per rent, cfficiencv) consuming 
100 kw. in air (an be he4ird at a range of about 10 miles only. 
A 9-0/. charge of guncotton exploded under water can be heard, 
and recorded, at a distance of 30 or dO miles, 'The sounds from 
the propellers of a large ve.ssel at speed may somt'times be heard 
at 8 or 10 miles, but the range of delectiun of such sounds (of a 
non-musical character) is liable to vary greatly according to the 
stale of tlie sea or, more precisely, according to the inten.sity of 
extraneous ‘water noise.s’ (due to breaking waves, cti ,'i. Systematic 
observations of the ranges of traiiMui'sion of sounds of various 
frequencies have been made iiy Barkhausen and Tachte*' in the 
Baltic Sea. Their results indiiate tliat the deoease in amplitude 
of the sound wave with distante is I'xponcnlial. eneigv' dissipation 
due to variou.s causes being more important than the cfTect of 
spreading. With a Fessenden oscillator, at a frequency of 517 
p.p.s., they observed an attenuation equivalent to a fall of amplitude 
to half value every 2 to 3 km. Such a large attenuation cannot 
be explained on the basis of viscosity and heat losses in the water 


* Sec UntertcosserschaJltechnik, F. Aigner (Berlin, 1922). 
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—it was shown on p. 352 that a sound of frequency 1000 p.p-S. 
would travel about 4X10^ km. before its amplitude fell to 1/eth 
due to viscosity. The signal strength at long distances from a 
source i.s, of course, also affected by temperature and pressure 
gradients, and gas bubbles. 

The transmission of sound at higher frequencies (above the 

audible region) has received 
considerable attention in 
recent years. Measure¬ 
ments of attenuation in 
fresh- and sea-water have 
been made over a very 
wide lange of frequencies 
(10 kc./scc. to 100 Me./ 
sec ^, by a large number of 
observers. At the lower 
end of this frctiucncy range 
many of the measurements 
were made in the open sea, 
whilst al much higher fre- 
qnciK ies the obseivations 
were made cm a laboratory 
.s('a!(‘. The tairves of atten- 
\iation in sea- and fresh- 
wat'U' (see fig. 103a) give 
an apijroximate representa¬ 
tion of the measurements of 
r. E. Fo.k and G. D. Rock * * * § 
L. N. Lieberrnann,t J. M. M. Pjnkeiton,t G. W. Willard,§ 
G. J. l’hies.sen, J. R. Leslie. i'\ W. Simpson,|j R. W. Leonard and 
others. Above 1 Mc./.sec. the fresh- and sca-water curves are 
almost coincident, but below that frcciucncy the attenuation in 
sea-water -is always greater. The observed aitenuation is always 
greater than that predicted by viscosity and thermal conduction 
of the water. I'he presence of small gas bubbles on decaying 
organi.sms in the whaler is a contributory cause of exces.sive attenu¬ 
ation in the sea, they not only absorb but may also scatter the 

* Phys. Rev., 70, 68, 1946, aiul J. Ac. Sac. Amer., 12, 505, 1911. 

•{• Marine Phys. Lah, Qr. Refjort, .Iuly-Sc;pt., p 3, 1947. 

i Nature, 160, 129, 1947. 

§ /. Ac. Soc. Amer,, 19, 156, 1947. 

}} Canad, J. Res. A., 26, 306, 1948. 
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incident sound. In Thicsscn’s experiments in the frequency 
range 0‘35 to 2*3 Mc,/scc. in the sea, fluctuations of signal strength 
were found to be due to reflection from surface and bottom. The 
fluctuations of surface reflection caused by waves and ripples was 
particularly troublesome below O'5 Mc./sec. L. Liebermann* 
has shown that the presence of a snjall proportion of magnesium 
sulphate with sodium chloride in sea-water accounts for a large 
proportion of the observed attenuation. This has been confirmed 
in the laboratory measurements of G. Kurtze and K. Tanmi 
{loc. cit.). 

The enormous diffeiente in radiation resistance of water 
fpc=l*5X Ifl'') and air (pc-T-lO} iiiijilies that sound waves incident 
on the sea surface from below arc almost totally reflected (with 
reversal of jdiase) at any angle of incidence. There is a loss of 
about 30 dh. in tianvinissiou from the sea into the air above. 
Practically all the sound riaTe\ goiK'iated in die .sea is therefore 
confined to the watei or escapes via the sea-bed. The bottom 
of the sea may also have a \ery iiu‘«ular suifacc. may bi; sloping 
at almost any angh\ and nuiy \ai> in its elastic and sound absorbent 
piojjcjties c.vcr a vci\ wide range. It \\iil be aijprcciatcd therefore 
that tlie theoretical ti(;atm{’nt of sound ]jt(.>j)ac:atinn in the sea is 
very complicated. The vaiiahle ahsorhing piojierties of the 
water, tenijicialinc and jnessme giadietit.s afTcciir.g velocity 
and icfiattion, t!u' ■-•attering due to ih.e rough sea surface, 
and the lelii'iiion, ‘•('attering and ti.ni-.niission of the sea-bed 
must all he taken into accnmit. In cnriymg out acoustic 
rneasurenients in the sea, theiefoie, the jilare and time must be 
veiy carefully cho^eIl and dm; allowance made for the many 
uncontrollable factors. 

An interesting case of long range sound propagation in the sea 
arises when the tenijteraturc, and consequently the velocity, 
decreases slowly from the suifaee downwards, wliiPt the eflect of 
pressure causes the %elocity to increase as the depth increases. At 
a certain dejrtlr the ojiposing cfTects of temperature gradient and 
prc.ssure gradient just neutralise.f Consequently a ‘ray’ travelling 
W'itliin a few degrees of the horizontal direction at this depth 
Cannot escape either uj) or down and is confined to a kryer in which 
transmission is two-dimensional. The .sound energy in this layer 


Phys. Rev., 76, SO. 1919, and i. /fc. See, Amer., 20, 86R, 1948 ; sec 
also G. Kurt/i* and K. Tamm (loc. cit). 

t See ‘Long range sound transmission in the ocean,’ M. Ewing and 
J. L. Wonta], Geological Soc, Amer., Memoir 27. Oct. 1948. 



370b 


VARIATION OF PITCH WITH MOTION 


can travel enormous distances with comparatively little loss. The 
temperature and pressure refraction of sound wavefronts in the 
sea present some very interesting problems which are not without 
practical significance (see p. 531). 


Variation of Pitch with Motion. Doppler Effect 

The pitch of a sound of constant frequency is dependent on 
the motion of the source and the observer. It is obvious that an 
observer approaching a source of sound will encounter more 
sound waves per second than if he remained stationary, and, 
similarly, if the source is approaching the observer. The two 
cases differ, however, in certain respects. 

Source Statioruiryj Observer m Motion —In fig. 104 {a) let 
S be a stationary sound source and P an observer moving with 
velocity v along a line AOB distant OS—d from the source. 



Fig. 104 


The observer approaches S with velocilv v cos d, and the apparent 
velocity of the sound waves arriving at P is {c~{~v cos (9). Conse¬ 
quently, if N is the actual frequency of the source, N' the fre¬ 
quency of arrival of waves at P (i.e. the apparent frequency of the 
source), and X the wave-length of the sound, vve must have 

^ =. =X, tl,at is N'=N( 1+ "cos (1) 


or writing 


cos e— 


N'-N ( 1+ 


Plotting N' as a function of x for various values of d, we obtain a 
series of curves of the form shown in fig. 104 (6), curves (1), (2), 
and (3), representing increasing values of d. In all cases when ^ 
is large compared with d. 


(N'--N) = 




(3) 
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approximately. As the observer passes through O, however, the 
value of (N'—N) changes sign, and dH'/dx reaches a maximum 
value (when x~0) of Nv/cd. 

Observer Stationary, Source in Motion —In the case we have 
just considered, viz. the observer in motion and the source 
stationary, the change of frequency is due to the change of rate 
at w'hich the sound waves pass the observer—that is, to an apparent 
change of velocity of propagation, the wave-length remaining 
constant. Jf in fig. 104 (a) we now regard P as a moving source 
and S a stationary observer, we obtain a somewhat different 
result. There is in this case an apparent change of wave-length 
due to the motion of the source towards the ob.scner, the velocity 
of sound ])r(jpagation remaining the same.* The observerj instead 
of receiving waves spaced r/N ajtarl will now leceive them at 
distance intcrs-als of (c - r cos (9)/N. That is to .cay, 

COS 6)/N 


and 


N'“: 


C 

X' 



c 


c 

cos 6 



(♦) 


or 


(N'-N) 


Nn CCS 0 
(c —v cos 


the maximum value of which is 


(N'-NI 


n AX 


__ + 

~ c—v 


(5) 

( 6 ) 


This value is attained when 9 is zero or tt— that is, when x is large 
cotnpared with d. 

If we substitute in equation (4) the ratio x/\/x~^d~ for cos 6 
and differentiate ^vith respect to x, we obtain an expression for 
the rate of change of frequmey dN'/dx. This cxprc.ssion indicates 
(1) When X is large compared with d 


r/N' 

dx 


O, 


(N'—N) having the maximum value ±Kv/{c — v). 


* As Rayleigh points out {Sound, 2, p. 156), the mathematical treat¬ 
ment of a moving source is difficult. In the above simple procedure we 
have neglected any disturbance of the medium produced by the motion of 
the source (t the observer. 
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(2) When .V is zero 

dN' _Nr 
dx ~~cd 

the frequency clifrercncc (N'—N) changing sign. 

It will be seen that for small values of d, the source passing 
close to the observer, the ap})aicrit fiequcncy at first remains at 
a constant high value and suddenly changes to a constant low 
value. When d is large the change is more gradual and is not 
so easily noticed unless v is large also. It should be noted 
that the rate of change of fiequency is directly proportional 
to the Gclual frequency and invciscly pioportional to d. The 
first of these cases is illustrated by the familiar example of the 
cxprc.ss train whistling whilst rushing at high speed through a 
station. A sudden drop of pilch in the note as the engine passes 
close to the observer cannot fail to be noticed. The second case 
is illustrated by a Ingh-sijeerl aeroplane passing overhead. The 
change of pitch is more gradual on account ol the large value of d, 
but it is still quite easy to delect because v is large also. When an 
aeroplane passes an observer at hiirh speed (r; large) aiid at a 
short distance {d small) the effect is somewhat sensationalj since 
dNydx=:'i^v/cd is then very great. 

Obseriu'f, Source, and Mediurit in Alothm —fn the cases just 
considered the medium and either the source or th.o observer were 
at rc'jt. Let v now represent the velocity of the source relative 
to the medium (v indicating that componeni of velocity in a direc¬ 
tion towards the observer). Also let u represent the velocity 
with which the observer is moving (relatively to the inedimnj 
away from the source, i e. in the same direction positive as v. 
Then the wave-length will be 




and the apparent velocity c'--{c —u). Consequently the observed 
frequency will be 





(8) 


(JVo/c,—-The minus sign in the numerator of the expression on 
the right arises from the fact that the velocity of the observer is 
in a direction away from the source.) It is more convenient 
pethaps to express (8) in terms of velfKities relative to some ‘fixed* 
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body—for example, the ground. We must therefore substitute for 
u and V the values {u* — w) and (v' — w) where v\ and w are 
the velocities of the source, observer, and medium relative to the 
ground, c being the velocity of sound relative to the medium. 
Thus the observed frequency 


N"-N 


c — u'-\-w 
c — v'-\-w 


(9) 


When and r' are the same in magnitude and direction the fre¬ 
quency is unchanged whatever the velocity of the medium. Any 
relative motion between observ'd- and source, giving u' and v' 
different values, will lesult in a frequency change which is affected 
also by the motion of the medium. The effect produced by the 
latter is equivalent to a change in the velocity of sound. A wind 
in the same direction as the sound lessens the change of pitch due 
to the motion of the obscrv'cr and source. 

The principle of ciiange of app.uent freqiienc) by relative 
motion is due to Doppler, who first applied it to the changing 
colour of certain stars as they approached or receded in the line 
of sight. The D'-ppU'r effect, as it is called, is not unfamiliar in 
these days of high-sjrecd traffic. Interesting hypothetical cases of 
sources and observer moving with velocities greater than that of 
sound will be left to the ingenuity of the reader. Rayleigh {Sound, 
2, p. 154) instances a case in which a high-speed ob.scrver (u”2c) 
listening to a musical ]:)iece hears it in correct time and tune but 
backrvards. The onde de choc and the shriek of high-speed bullets 
serve as further examples for consideration. 

The Doppler effect has been demonstrated, and the principle 
verified in a number of ways. In the earliest recorded experi¬ 
ments Buijs Ballot* and Scott Russell observed the changes of 
pitch of musical instn.inieir1s carried on locomoli’ ’es. A labora¬ 
tory method devised by Machf employed a w'hirliiig tube with a 
whistle at one end, air being supplied to the whistle along the 
axis of the tube. An obser-ver in the plane of rotation could hear 
a rise and fall of pitch as the w'histle approached and receded. 
Konigt used two tuning-forks, giving a few beats per second when 
stationary. If one of the forks were made to approach towards 
or recede from the ear whilst the other remained at rest, the 
number of beats per second was changed in accordance with 
Doppler’s principle. A similar instance of this was recently 

* Pogg. Ann., 66, p. 321. 

^ Pogg. Ann., 112, p. 66, 1881, and 116, p. 333. 1862. 


t hoc. cit. 
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demonstrated by S. R. Humby* at A. O. Rankine’s suggestion. 
Two telephone earpieces were actuated simultaneously at a high 
frequency from the same oscillating valve circuit. A sensitive 
flame was used to detect the high-frequency vibrations. When 
one of the telephones was moved towards or away from the flame, 
the ‘beat’ frequency was shown clearly by the fluctuating response 
of the flame. In carrying out such an experiment, care must be 
taken to avoid complications due to stationary waves or inter¬ 
ference eflecls. 


Experimental Study of Wave Transmission 

Many of the so-called ‘optical’ characteristics of sound to 
which w-e have referred may be studied on a laboratory scale 
provided the wave-lengths employed are sufficiently small. It is 
unnecessary to refer again to the many beautiful experiments of 
this nature which may be performed by means of high-frequency 
sound waves in air and in whaler (see reference to R. W. Boyle 
and othersf). For many purposes, the methods which we shall 
now consider are convenient and instructive, and are applicable 
to complex as well as to simple ‘optical’ cases. With the object 
of studying the reflection of waves from typical mitrois, model 
sections of buildings, etc., much use has been made during recent 
years of two relatively old mcthcxls. I’he ‘spark pulse’ and the 
‘ripple’ methods have both proved extremely convenient in the 
laboratory as a means of following the progress of a wave from its 
initiation to any subsequent moment. 

Spark-Pulse Photography—When a small Intense electric spark 
is produced in air, a thin spherical pulse in which the medium 
is highly compressed spreads outwards from it. The high-pressure 
layer forming the wave-front has a density and a refractive 
index considerably greater than that of the undisturbed medium 
at normal pressure. Two different processes have been devised 
to photograph the wave-front, both of which make use of this 
change of refractive index and employ a second spark to illuminate 
the pulse produced by the first. These are known as the 
‘Schlieren’ and the ‘Shadow’ n»cthods. As the latter method is 
simpler, it will be described first. 

(a) The Shadow Method of Dvorak^ is illustrated in principle 
in fig. 105. Actually this represents diagrammatically the appar- 

• Loc. cit. 

tSee, for example, F. L. Hopwood, Journ. Set. lustra., Feb. 1929. 

t Ann, der Phys., 9, p. 502, 1880. 
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atus used by A. H. Davis at the National Physical Laboratory,* 
which is an improvement on that described by Foley and Souder.f 
The principle of the method is briefly as follows. The sound 
pulse is produced by an intense electric spark, the ^sound sparky 
followed by a second spark, the 'light spark/ at a known short 
interval of time. The highly compressed envelope of the sound 
pulse casts a shadow, when illuminated by the light spark, on a 
ground-glass screen or a photographic plate. As shown in the 
figure, an electrical machine capable of generating 100,000 volts 
charges two sets of leyden jars connected to trigger spark gaps. 



Fig. 105 

(From Davis and Kaye. Acousha 


When the glass plates, shown in fig. 105, are inserted in or removed 
from the gap, the condensers are discharged ll mugh tw’O spark 
gaps marked ‘sound spark’ and ‘light spark.* These are arranged 
in a long blackened box as shown, in line with a viewing screen 
or the photographic plate. The slight delay which is required 
between the sound spark and the light spark is controlled by 
means of the condenser C 3 across the gap of the light spark. The 
latter is fonned between two magnesium wire electrodes withm 
a small capillary tube, a point source giving good definition 
being thereby obtained. The magn^ium electrodes give a 
very brilliant and photographically active light spark. A liquid 

* See Davis and Kaye, jlcottstics of Buddings, p. 32 (Bell), and Journ. 

Sd, Instrs., 3, p. 393, 1926. cit. 
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rheostat R is used to control the longer time-intervals, although 
the sparks are reduced in intensity. The sound spark-gap is 
arranged at a suitable point inside the reflecting surface which it is 
desired to study. Light from the sound spark is prevented from 
reaching the photographic plate by projecting discs mounted on 
the electrodes. To obtain photographs which show the progress 
of the sound pulse, a succession of exposures is made with a 
graduated series of time-in ten-'als, obtained by varying the 
condenser C 3 and the rheostat R. The principle of the shadow 
method has been used by G. V. Boys* * * § and others to photograph 
rifle bullets in flight, and by Quaylc.f Foley and Souder,J 
and otluTs to photograph sound pulses from sparks. Photo¬ 
graphs of reflection and diffraction phenomena obtained by 
Foley and Souder by this method are shown in figs. 82 and 95. 
It is interesting to note in connection with these shadow photo¬ 
graphs of a pulse of compressed air, that the shadow of a spherical 
pulse always apjicars as a briglit circle accompanied by a dark one. 
Whether the bri'-’b.t circle is inside or outside depends on whether 
the sphere is <^f greater or lcs.s density than the surrounding 
atmosphere. The shadows of jets of hydrogen and carbon dioxide 
in air are respectively darker and lighter than the background.§ 

(b) The Schikren Method —'fopler’sjj method is essentially an 
ingenious application of a device clue to Foucault for testing lenses 
or mirrors for chromatic and spherical aberration.^ Light from a 
suitable source is brought to a focus, by means ot a concave mirror, 
on to the object-glass of a telescope (or a photographic camera), 
and the latter is focussed on the mirror, the view in the telescope 
being the surface of an illuminated mirror (see fig. 106). If now 
an opaque screen he drawn gradually across the object-glass of the 
telescope until it enters the focus of the light from the mirror, 
the image becomes darker and darker as more and more light 
is cut off, and ultimately a critical position will be reached when 
the mirror appears ejuite dark. In this position the screen 
covers a little more than half of the object-glass. Actually 
the screen is set a little in advance of this position so that 
about half of the object-glass is covered. It is important that 
the mirror should be of good optical quality, otherwise its ira- 

* Nature, 47, pp. 415, 440, 1893. 

t/ourn. Frank, Inst., 193, p. 627, 1922. 

t Phys. Rev.. 35, p. 373, 1912 ; 14, p. 143. 1919 ; 20, p. 505, 1922. 

§ See Payman and Robinson, Safely of Mines Research Board, Paper 
No. 18. \\Pf^Sg’ Ann., 131, p. 33, 1867. See also note above, 

II See Edser, Light, pp. 98 and 99. 
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perfeclions will be revealed in the telescope or the camera, as 
Foucault originally intended. Since each point of the mirror 
has its corresponding position in the image, if the path of a ray 
be deflected at any particular point, the screen will be in the 


critical position for all 
points except that one. 
Piovidcd tlie deflection k 
in the right direction, the 
ray of light will pass beyond monoo 
the edge of the screen i 
into the lens and a briglit 
image will be fonned in its 



true position. It will be seen therefore that a prc.ssure pulse passing 


in front of the mirror in the direction .\B (.see fig. 106) will result 


in a corresponding band of 



FlO. 107 —Schlieren Photograph of Ex¬ 
plosion Pulse emerging from Tube 
(Payman and Robinson) 

(By courtesy of Safety m Mines Besearcb Boud) 


light aiross the image which 
will tlicreforc represent the 
shape of the advancing pres¬ 
sure jjulsc. If the latter 
I^asses some distance in front 
of the mirror, as at AB, the 
telescope must be focussed 
on that plane whilst point¬ 
ing directly at the mirror. 
Using a lens instead of the 
minor. Tiiplcr obtained ex¬ 
cellent photographs of the 
pressure pulse from an elec¬ 
tric spark, similar to those 
obtained by Dvorak’s 
shadow method. These ex¬ 
periment - were continued 
by his son* and extended by 
Machf and others. R. W. 
WoodJ used the method to 
illustrate the focussing of a 


beam of light by a concave mirror. Allen § and Cranz|j used the 
Schlieren method for the pliotography of flames, whilst the latter 


* Afin. dcr Phymk, 27, pp. 1043, 1051, 1W8. 

^Arin. dtir Physik, 159, 330, 1876 ; 41, p. 140, 1890. 
t Phii. Mai?., 4«, 218, 1899 ; 30, p. 148. 1900. 

§ Pr,oc. Roy. Phil. Sac. Glo'igow, ,33, p. 71, 1902. 

II Lehrbuch der Balhstik, 2, Berlin, 1926. 
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also photographed the pressure waves emanating from bullets in 
flight (see fig. 78). More recently W. Payman and W. G. F. 
Shepherd* have made excellent use of the method in photographing 
the explosion impulse emerging from the mouth of a steel tube when 
various gas mixtures and detonators were fired in it (see fig. 107). 
In a further investigation a continuous record of the movement of 
the wave (see fig. 108) was obtained by using a continuous 
.source of illumination (an arc) instead of an in.stantancous spark 
discharge of a leyden jar. A special ‘wave-speed’ camera, giving 
an effective time of exposure of 10“ second, was designed for the 
purpose. The photographs provided direct information relative 
to the velocity of the wave-front as it proceeded from the mouth 
of the tube (see p. 296). Specimen photographs obtained by the 
Schlieren method are shown in figs. 107 and 108. 



Fig. io8 —Schlicii;ri Photo of Pressure Wave (Pajinan, Shepherd 

and Robinson) 


of S-'ifptv in Mi;i 04 R'v’.iMh l/Oriff]) 


Ripple Tank Method—Results of a similar character may be 
obtained by means of the ripple tank. Tyndall made use of the 
analogy of ripples on the surface of water and mercury to illus- 


* Safety of Mines Research Board, Papers 18 and 29, 1926. Sec also 
W. Payman and D. W. Woodhead, Roy. Soc. Proc., A, 1321, p. 200, 1931, 
148, p. 604^ 1935. 
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trate the principle of superposition and the. interference and 
reflection of sound waves.* Later, J. H. Vincentf obtained ex¬ 
cellent photographs of ripples in a small wooden trough contain- 
ing mercury, and demonstrated the various ‘optical’ phenomena of 
wave motion—reflection, refraction, interference, and diffraction. 
Kelvin:}: has shown that the velocity V of waves on the surface of 
an inviscid, incompressible liquid under the action of gravity g 
and surface tension T is given by 




( 1 ) 


where p is the density of the liquid, and X the wave-lenglh. When 
X is large, the waves are controlled mainly by gravity and the 
velocity approximates to VgX /2^r On the other hand, when X is 
small, the influence of surface tension predominates and V 
becomes V2irT/pV. Solving (1) for A in terms of V, it is found 
that for no wave-length can V be less than Vo=:{4Tg/p j . The 
value of X corrcs])onding to the niiniinuin velocity is A or:-2r-(T/gp ), 


and the critical ficquency N„ is consequently 




Kelvi 


in 


defines a ripple as a wave whose length is less than that of a wave 
which is projiagaled with the ininimuTn velocity, fn order to 
obtain true ripples, tlierefore, it is necessary to use vibration 
frequencies above a certain value. For ordinary mercury (T being 
300 to 400 C.d.S. units'! waves less than 1'3 cm. long are ripples, 
a frequency of about 15 ji.p.s. prtxlucing tlic longest waves 
whic!i may be rcgaided as rijqjles. Frequencies of 200 p.p.s. and 
upwards therefore give rise, to true capillary ripples controlled 
by .surface tension only. In water ( p — \, T=76) we find the 
limiting velocity Vo—23'1 cm./sec., Xo—l‘7l cm., and No=13*6. 
Lamb§ has shown mathematically that the equations of motion of 
gravity waves on the surface of a li({uid are close’,’ analogous to 
those for cylindrical waves of sound. More recently A. H. Davis|| 
has pointed out, in the case of rijiplcs in a small tank, that the 
analogy loses its generality, for the velocity of sound is independent 
of wave-length, whereas in the case of ripples there is a definite 
dependence upon wave-length. Provided, however, the depth 


• Sound, Lecture 7. Hp Tffprs also to Weber. 
f Phil. Mag.f 43, p. 17, 1897, 45, p. 191, 1898 etc. Hoc. cit.). 
tPhil. Mag.. 42, p. 375. 1871. 

9 Hydrodynamics. Arts. 172 and 189. 

II A. H. Davis, Phys. Soc. Proc., 50, p. 75, 1925. 
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of liquid is greater than one-half the wave-length of the small, 
simple, harmonic ripples, the analogy is still perfect. Even 
impulsive ripples, in spite of the accompanying subsidiary 
wavelets, bear a striking resemblance to impulsive sound waves. 
The comparative [)hotographs of a ripple and a sound pulse 
reflected from a hemicyliiidrical mirror (see fig. 109 (l.)avi.s)) are 



(J) Sp-lrk (fc) Rlliplr 

Fig. 109—Comparison of Spark and Ripple Reflections from concave Surface 

(Dr A II Davis) 

sufiicieiit proof of this. The tipple pulse is produced by a round- 
headed clijjper ^\hich is suddenly withdrawn Inmi the water 
by means of an clecttoinairnet. 'IV» pir\ent confusion due to re- 
fiections Iron) the eiifls I'f flic ripple tank, a ‘shelving beach’ i.s 
fitted which lapidly damps out the vibrations of the incident 
waves. This pitiperty of a beach ^\'as pointed out by J. H. 
Vfincertt. When continuous ripples are iccjuircd, a style attached 
to one prong of an electrically maintained tuning-fork (say 
50 p.p.s.} is used and the npplcs are viewed stroboscopically,* 
e.g, by using a neon lamp illumination of the same frequency as 
that of the tuning-fork—preferably excited througii an electrical 
contact on the other jjrong. Davis uses a lipple tank, 3 ft. X 5 ft., 
containing 2 in. of water, the bottom of the tank being of plate 
glas.s. Intermittent illumination is obtained by means of an arc 
and stroboscopic sectored di.se driven by a phonic motor con¬ 
trolled by the tuning-fork. 'I'he light from the arc 10 ft. distant 
is passed vertically upwards through the glass bottom of the 
tank, and casts a shadow of the ripples on a horizontal screen 
suitably mounted about 5 ft, above. With the stroboscopic 
arrangement tlie rip/jles appear .stationary and are easily photo¬ 
graphed, A ‘.slow motion’ may be given to the appearance of 

* Set; Ilaylcigli, ioioe/, 2, p. 345, and Colkclcd Papers, 3, p. 383. 
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the ripples by driving the sectored disc independently at a speed 
slightly dilFerent from that of the fork. The ripple tank method 
has the advantages over the spark methods of demonstrating 
visually tlie actual progress of waves. It is easily and quickly 
adaptable to illustrate a wide variety of wave phenomena.* 
Refraction effects are obtained by varying the depth of the water 
in the tank (i.e. by vai 7 ing the wave-velocity); reflection and 
diffraction by introducing suitably shaped obstacles in the path 
of the waves. 'Fhc method has been extensively applied to a 
study of reflections from complex structures such as model 
sections of auditoriums, but we shall have to refer to this question 
again in dealing with tlie acoustic.s of buildings (see p. 531). 
Davis has used a kinematograph camera to photograph the 
complete progress of a wave. He has also illustrated the trans¬ 
mission of sound wiives through Quincke filters (see p. 202), 
curved conduits (such as loud-speaker horns), and vibrating 
partitions.! In the case of the curved horn, the ripple method 
revealed a pronounced stationary vibration (transverse to the 
axis) at a certain bend in the horn, indicating that the bend was 
behaving as a wave-filter over a im^derate range of frequency.^ 
At other frequencies the waves emerged freely from the flare of 
the horn. 

Bullet Photography—A method which has occasionally 
been used to demonstrate wave phenomena (reflection and 
iliflfraction) cmj)Ioys (he highly compressed ‘bow-wave’ from a 
flying bullet. A spark shadow photograph is taken of the bullet, 
or rather its accompanying wave, in its flight past the object to be 
studied. Thus an early photography by C. V. Boys shows an 
excellent reflection of the pulse from a plane obstacle in iis path. 
The phcjiographs in fig. 82 by Cranz, showing the reflection of 
bullet waves from two parallel planes, require no additional ex¬ 
planation. As a method of studying wave transmission, however, 
it is, of course, far less convenient than the olner two methods 
just described. 

• See Davis and Kaye, Acoustics of Buildings ; and Bragg, World of 
Sound (Bell). 

Phyi. Sor., Proc., 40, p. 90, 1928. 

iSee also A. L Foley, Phys. Rev., 20, p. 503, Dee. 1922. 
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RECEPTION, TRANSFORMATION, AND 
MEASUREMENT OF SOUND ENERGY 

The iHanner in which sound energy is abstracted from the medium 
through which it is passing is dependent on a wide variety of 
circumstances. The choice of a ‘receiver’ of the wave energy 
will depend, for example, on (a) the character of the sound wave 
itself, involving considerations of wave-form, frequency, and 
amplitude; (b) the nature of the medium which transmits the 
wave, questions of radiation resistance, density, and velocity being 
involved; and (c) the ultimate object for which the sound energy 
is required, this aspect of the question involving the transforma¬ 
tion of the energy sound \^aves into a more convenient form. 
A comprehensive classification of sound receivers on these lines is 
practically impossible, for in many instances a number of con¬ 
ditions must be simultaneously fulliiled, and the most suitable 
receiver cannot be classified in one particular group. Before 
dealing in detail with particular types therefore a few remarks on 
receivers in general may not be out of place. It is clear that a 
sound receiver which is sensitive in air may be quite unsuitable 
for use in another medium, such as water or earth. Sounds 
differing widely in frequency, say 50 to 50,000, re<|uire entirely 
different treatment. If the sound is to be employed in long-range 
signalling it is important that the receiver should be sensitive to 
very weak signals at extreme ranges. This raises the question of 
tuning the receiver to the frcc|uency of the sound wjve used to 
transmit the signals. In such cases a knowledge (,f tue resonant 
frequency and the degree of damping is imi)ortant, whilst dis¬ 
tortion of wave-form is a secondary consideration. In certain 
circumstances, however, when a f.iithful record or reproduction 
of the sound is required, energy and sensilivtness are subordinated 
to faithfulness in the reproduction of wave-form. A resonant 
receiver would be useless, or at any rale very undesirable, for such 
a purpose. We have ilierefore to distinguish between resonant 
and non-^resonant receivers where sensitiveness and faithfulness 
are respectively of primary importance. Similarly we may require 
to distinguish between pressure and displacement receivers accoiffing 

383 
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as the sensitive element {e.g. some fonn of ‘microphone’) is placed 
at a point of maximum pressure fluctuation and minimum dis¬ 
placement or vice vena. 

With certain reservations, it may be said that all forms of sound 
leceivcr require the introduction of an obstacle in the path of the 
sound ^vavcs. The receiver must either partake of, or otherwise 
influence, the motion of the particles of the medium or must respond 
in some way to the pressure variations on its surface. The 
receiver, regarded as a rigid obstacle, rnusi reflect some of the 
incident energy in the ordinary way, and, regarded as a vibrator. 
It must re-radiate a certain propoition of the energy which excites 
it into vibration. If, however, the receiver is to fulfil Us purpose 
efficiently, a reasonable proportion of the incident sound energy 
must be absorbed and converted into another form of energy most 
convenient for the purpose in view', ihis conveision of energy 
may, for example, be a direct mechanical transfoimalion of 
longitudinal vibrations into transverse vibrations, as when sound 
waves in air fall on a diaphragm. Such a transformation may be 
followed by a conversion of mechanical energy into electrical or 
thermal energy. In sound reception we have ihcrefon' to c6n- 
sider (a) the transfonnalion of one form of mechanical motion into 
another fonn, and (6) the trimsfoinialion of mechanical into 
electrical or thermal energy. The simplest example is tin; ordin¬ 
ary telephone ‘transmitter.'* Longitudinal vibrations from the 
mouth of a .speaker are converted into transverse o.v..illation of the 
diaphragm. These in turn affect a mieiophone and set up toirc- 
sponding electrical oscillations. The conversi process takes place 
at the ‘receiver’ end of the telephone line. 

A distinction is sometimes made between electrical sound 
receivers which convert .sound eneigy directly into electrical 
energy (analogous to a dynamo) and those in which the conversion 
is indirect (analogous to a relay) ; these are exemplified respec¬ 
tively by the electromagnetic telephone and the carbon granular 
microphone. 

Another type of mechanical transformation is sometimes 
utilised when it is requiied to increase or rctlucc the displacement 
or pressure amplitude of a vibrator. This is a true transformer 
action analogous to the electrical transformation of current and 
voltage. As we shall see, numerous examples of the application 


* The term transmitter in this case is used to imply electrical trans¬ 
mitter—actually the transmitter is a receiver of sound waves, and wee 
versa. 
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of this principle arc to be found in sound producers and receivers, 
e.g. in tlie gramophone sound-box and in various signalling devices. 
Mechanical ‘atnplifircs’ (or reducers), such as niirrors, trumpets, 
or resonators, or electrical amplifiers (microphones and valves) are 
also available lor similar purpcjscs. 

Metrical forms of sound receiver such as the Rayleigh disc and 
the sound pressure radiometer loim another class of ‘receivers,’ 
which might also include the various ‘phonometers,’ hot-wire 
microphoni's, and piezo-elecliic devues. When sound vibrations 
arc to be recorded as directly as j>os^ible. various optical devices 
may be utilised. The vibrations of a diaplnagm on which the 
sound falls may be recorded optically by means of a minute 
tilting mirror. Vibratierns of the rnediuirr may be recorded still 
more directly by means of such devices as optica! interferometry, 
sound-shadow plujtogiaphy, or by means of sensitive llaincs. 

The above remarks will be sufficient to indicate the difficulty 
of atlempling a board classification of sound receivers. 

tul-: ear 

In order of importance the human ear is the foremost of all 
i*eceivers of sound. This ‘organ of hearing,’ as it is sometimes 
called, has a marvellous range of frequency and sensitivity; it 
can appreciate vibrations of frequency vaiying from 20 to 20,000 
periods per second, and can distinguish ch.anges of intensity 
over a range of 10^^ to 1. The ear with its associated nerve- 
endings has also remarkable powers of analysis, being able to 
resolve qualitatively a complex note into its Fourier ccmjaonents, 
and to disi;riminate between a number of different sounds at the 
same time. Before pioceecling to deal with the structure of the 
ear and the mechanism of hearing, it will be well to refer to a 
number of cxperimerual observations which must bi; explained 
on any theory of airdition. 

Sensitivity of the Ear to Changes of Intensity and Fre" 
qitency. \Veber-Fechncr Law —The physical stimulus, or 
intensity, which produces the sensation of loudness is, as w'e have 
seen on p. 54, proportional to the square of the product of ampli¬ 
tude and frequency, when the vibration is simple harmonic. If 
the frequency is constant, then the intensity is proportional to the 
square of the amplitude of vibration. The measure of the sensa¬ 
tion of loudness, however, is not so easy to define. The diffi¬ 
culty may be circumvented in a manner indicated by Weber’s law: 
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“The increase of stimulus to produce the minimum perceptible 
increase of sensation is proportional to the pre-existing stimulus.” 
That is, commencing with a certain sound intensity the increase 
of intensity S E which produces a noticeable change of sensation SS 
may be measured. From Weber’s law Fechner derived the 
relation SS=A;SE/E or S~k log E, where S is the magnitude of 
the sensation, E tlie intensity of the stimulus, and k a constant 
Although it is not possible to measure S directly, it b not difficult 
to determine the ratio SE/E as a function of intensity E. In 
certain experiments by F. B. Young and the writer,* in which 
sounds of moderate intensity were compared, it was found that 
the value of SE/E at a frequency of 580 p.p.s was approximately 
0*10 under favourable conditions, i.e. in the absence of extraneous 
noises. V. O. Knudsen,t in an experimental investigation of the 
Fechner-Weber law, determined the sensitiveness of the ear to 
changes of intensity and frequency N. For the purpose, a 
telephone receiver actuated from a valve oscillator, of wide range 
of power and frequency, was used as a source of sound. The 
intensity or frequency could be varied periodically, about once 
a second, by changing automatically the resistance or capacity 
in the oscillating circuit. The method of obser\'ation wa.s to 
change SE or SN continuously until the ear could only just 
distinguish the variation. Independent experiments with the 
telephone receiver showed that the sound energy emitted was 
proportional to the electrical input. The latter therefore served 
to measure the relative sound intensities at a fixed frequency. 
The frequency scale was determined by calibration. The experi¬ 
mental curves obtained for various values of E and N, indicated 
an agreement with a modified form of the Weber-Fechner law, 
as proposed by NuttingJ for the eye, namely, 

8E/E=k f-(l-K )(£.,/£)”, 

where E© is the ‘threshold’ intensity and /f--0T0 approx. The 
exponent m varies .somewhat with frequency, being 1*65 for 200 
p.p.s. and 1-05 for 1000 p.p.s., but at the same loudness level, e.g. 
10,000 Pjj , the ratio 6 E/E is nearly independent of frequency, 
showing only a 10 per cent, variation from 100 to 3200 p.p.s. 
For moderate and large intensities (E much greater than E^), the 

* Frac. Roy, Soc., 100, pp. 2fi't and 266, 1921. 

’\Phys. Rev., J9, p. 261, 1922, end 21, p. 84, 1923. See also P, A. 
Macdonald and D. M. Robertson, Phil. Mag., 11, pp, 817, 827, and 1063. 
1930; and R, A. Houstoun, Phil. Mag., 8, p. ,'>20, 1929 ; and Nature, 
p. 891, June 14, 1930. t Bureau of Standards Bull., S, No. 1, 1907. 
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expression reduces to SE/K=/(=0*10 at any frequency, a result 
which agrees with that of Young and the writer. At a frequency 
near 1000 p.p.s. it was found that the normal ear could distinguish 
about 400 gradations or ‘steps’ of loudness between the threshold 
and a painful intensity 10^^ times as great. 

H. Fletcher and his collaborators have considered experimental 
and analytical methods of reducing loudness to a quantitative 
basis,* and conclude that simple relationships between loudness 
and intensity, pitch and frequency, timbre and overtone structure 
do not exist. As the frequency becomes lower than 500 or higher 
than 6000 there is an increasing departure from the simple 
logarithmic relationships between loudness and intensity. The 
question of ‘loudness’ is a veji 7 complicated one and rnany 
authorities arc in disagree)nent as to its relation to sound 
intensity.! Near the upper and lower limits of audibility the 
Weber-Fcchner law must obviously fail, but there appears to be 
general agreement that the loudness is in .some such way related 
to the intensity and the frequency of the sound. 

As regards lic<[ueiicy sensitivity, at the same intensity (or loud¬ 
ness level;, Knudseu found that ihe latio ^N/N diminished from 
O'Ol at 55 p.p.s. to 0'003 at 600 p.p.s., remaining constant at this 
value up U) a frequency of 3200 p.p.s. This result refers to dis¬ 
crimination between two sounds of .slightly diflerent frequency ( 5N) 
sounded independently. 'Fhe frequency sensitivity of the ear is of 
course much better than this if the two sounds are excited simul¬ 
taneously, a frequency difl’erence of 1 in 20,000 being delectable by 
‘beats ' Observations of a similai' natuie to tiu^se of V, O. Knudsen 
have been made by H. Fletcher and R. L. WcgelJ using a 
valve-actuated air-damped telephone receiver over a frequency- 
range 60 to 6000 p.p.s. lly means of a specially constructed 
attenuator the cuircnt entering the telephone tould be varied 
about three millionfold by luining a dial swiu li. Th ■. arrangement 
wa.s carefully calibrated so as to give allcmating a.r pressure on 
the ear cavity in tenns of the indications of the dial switch. A 
curve representing an average of 03 noniial cars, wJiich gives 
the pressure ilucluation g/i mquired to produce a perceptible 


* Acoust, Soc. Anver. /., 5, j). 82. 1933 ; (>, p. 59, 1931 ; and 9, p. 275, 
1938. Frank. Inst. 220, p. 405, 1935. 

tSee, for example, papt'rs by Flcu-hcr trcl, above); N. K. Campbell 
and G. C. Maria, Phys. Soc. Proc., 47, j). 1.55, 1934; DI&cus&ioii on 
‘Audition,’ Phys. Soc., 1931 ; B. G. Churcher J. King, and H. Davies, 
PhU. Mag., 18, p. 927, 1934. 
t Nat. Acad. Sci. Proc., 8, p. 5, 1922. 
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change of sensatioji at clifFerent frequencies, sliovvs that 6p=0*l 
dyne/cm.^ at 60 p.p.s., falling to a iriininium 5/>=:r0‘0007 dyne/cm.* 
at a frequency of about 2000 p.p.s. Careful observations made 
more recently by R. R. Reisz* are in general agreement. He 
finds that Weber’s law 8E/Ei=constant holds true for moderate 
intensities, and that as a function of frequency it reaches a minimum 
value at about 2500 p.p.s., the minimum lieing less sharply defined 
at high intensities than it is at low. The maximum sensitivity 
of the car to detect slight differences of intensity therefore occurs 
at a frecjuency near 2500 p.p.s. Reisz finds that the ear can 
detect the greatest number of gradations of loudnes.s, viz. 370, at 
a frequency of 1300 p.p.s. A very instructive diagram, see fig. 
110 (a), has been obtained by Wcgel,t indicating the range of the 
average liunian ear with respect to intensity and frequency. The 
upper curve in the diagram reprc,scnt.s a more or less arbitrary 



upper limit to tire range of auditory sensation. It may be regarded, 
in fact, as the ‘threshold of feeling^ at which the loudness is so 
great that the effect is somewhat painful, and further increases 
of amplitude are not perceived as irrcreascs of loudness. The 
lower curve repre.sents the other extreme, or the lower limit of 
amplilndc at which a sound can be detected. The area enclosed 
between the two curves, from the threshold of audibility to the 
threshold of feeling, has been described as the ‘auditory sensation 
area.’t Outside this area sounds are not ‘heard* whatever the 
intensity. This does not mean that they are always unperccived, 

* Phys. Rev., 31, p, 867, May J928. See also Steinberg, Phys, Rev., 
26, p. 507, 1926; F. W. Kranz, Phys. Rev., 22, p. 66, 1925 ; and Kingsbury, 
Phys. Rev., 29, p. 588, 1927. 

t Bell System Teckn, Joi£rn., 1, Nov. 1922. 

t See H. Fletcher, Bell, System Techn, Journ,, 4, p. .375, 1925 ; and 
Speech and Hearing (Macmillan). 
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for large amplitude vibrations may be felt at very low frequencies, 
the ear in these circumstances behaving like a simple pressure 
indicator. The infrasonic waves to which Esclangon* refers, in 
connection with the pressure-wave fiom the mouth of a gun 
(*onde de bouche*), may have a sufficiently large amplitude to 
affect the ear, in spite of the fact that the frequency is of the order 
of 1 p.p.s. only. At the other extreme also, powerful supersonic 
waves of sufficiently great intensity may be felt rather than heard. 
The sensitiveness of the ear is shemn graphically in ftg. 110 (b) as 
a function of frequency. The ordinates, expressing sensitivity, 
are the reciprocals of the minimum amount of energy (in ergs/cm.® 
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sec.) lequired to produce an audible sound, the ahsnssiv lepreseiit 
the values of frequency plotted logarithmically. There appears to 
be general agreement in the slalement that the maxinium u:nsitivity 
of a normal ear occurs al a frufucmy near 2000 to 2500 p.p.s. .\t 
this frequency, Fletcher and Wegel have found that the ear can 
respond to a pressure-antplitude of the order of 10 ’ dyne-ern? or 
10of an atmosphere In aii this corresponds ir a displace¬ 
ment-amplitude of 10 vhich is about l/.)0th of the 

diameter of a mole« ule of oxygen, oi about 10'’ of the mean free 
path of the mr>lccule.s in air at N.T.P. It is inlen.'sling to note 
that Rayleighf obtained a value of luiniimim condensation 
audible s'—4*6X 10'3 by observing the period of time t that the 
vibrations of a tuning-fork (384 p.p.s.) can be heard. From a 
knowledge of the initial amplitude of the fork (at 0) and the 
exponential decay constant (the ‘log dec.’) of its vibrations, the 
amplitude after a lime t is readily calculated. Similar results 
were obtained by WienJ by an entirely difTcrenl methotl. 

• Loc. cit, t Sound, 2, p. 439. t Wied, Ann., 36, p. 8-34. 1889. 
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Intensity and Loudness Levels. Bels and Phoiis— As we 

have seen, in the region of frequencies where the ear is most 
sensitive, the range of intensity with which it can deal is enormous. 
Between the thresholds of ‘audibility’ and of ‘feeling’ (see fig. 
110 (<z)), a region in which the ear can distinguish gradations of 
intensity, the intensity increases in the ratio of I to 10^* or 10^*. 
To deal with such an enormous intensity range in establishing a 
scale of loudness it is obviously most convenient to use a loga¬ 
rithmic scale. The units adopted for tlie purpose are known as 
the ‘bel,’ which denotes a tenfold increase of intensity, and the 
decibel, denoting an increase of 1 *26 times {i.c. antilog 0*1). These 
units are generally, iNlt not necessarily, used in expressing 
intensity' or amplitude variations in acoustics or telephony. If 
Ii and la are two known values of sound intensity, then the 
difference of intensity level is given by 

logro (Ii/l 2 j bels or 10 logio (li/Ta) decibels, 

i.c. the number bels expressing the relative magnitude of the 
two intensities is the logarithm to base 10 of the ratio of tlie 
intensities. The decibel, one-tenth of a bed, is more frequently 
used as the ‘unit’ in acoustical work on account of its greater 
convenience. One decibel represents an increase of 1*26, two 
decibels {1-26)-, three decibels (i'26) ten decibels (one bel) of 
(1*26)^*^. An increase of intensity of one decibel, i.e. of about 
26 per cent., represents roughly the smallest c.hange of intensity 
detectable by the ear. The whole range of intensity to which the 
ear res{>onds, i.e, 1 to 10^^, can therefore be expressed as 12 bels 
or 120 decibels. It is necessary to be quite clear at this point 
that the ‘bel’ and ‘decibel’ represent merely the logarithm of an 
intensity ratio—they do not constitute a measure of loudness. 
Whilst loudness is obviously related to intensity, it is not always 
proportional to it or to the log of intensity. The departure is 
greatest at high and low frctjuencies, approaching the limits of 
audibility. Consequently a sound-intensity meter, whilst giving 
intensity ratios in bels and decibels, cannot be used over the 
whole frequency scale as an indication of loudness. Allowance 
must be made for the fact that the .sensitivity of the ear to changes 
of intensity varies with the frequency of the sound. This is 
achieved by using a pure tone of specified frequency as a standard 
of reference. The cquivale^it loudness of a sound is then measured 
by the intensity level, relative to an accepted reference intensity, 
of the standard pure tone which is judged by a normal observer to 
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be as loud as the sound. The ‘reference level’ of the standard 
tone is taken by the British Standards Institution as that corres¬ 
ponding to an R.M.S. sound pressure of 0*0002 dyne per sq. cm. 
at a frequency of 1000 cycles per sec.— i.e. the arbitrary zero of 
intensity lies near the threshold of audibility at 1000 c./sec. 
Successive increases in decibel steps of intensity of the reference 
tone produce increases of loudness expressed in phons, the number 
of phons being identical with the number of decibels. The scale 
of phons obtained in this way relies only on the ability of observers 
to judge loudness-equality. The subjective scale of equivalent 
loudness of which the phon is the unit is thus linked up with the 
objective scale of sound intensities with the decibel as the unit. 
The following definition of the ‘phon’ is given by the British 
Standards Institution.* 

'^Phon {B.S.). A unit of equivalent loudness, defined as 
follows: The standard tone shall be a plane sinusoidal wave 
train corning from a position directly in front of the observer and 
having a frequency of 1000 cycles per second. The listening 
shall l>e done with both ears, the standard tone arid the sound 
under measurement being heard alternately and the standard tone 
being adjusted until it is judged by the normal observer to be as 
loud as the sound under ineasurcincnt. The intensity level of 
the standard tone shall be measured in the free progressive wave. 
The reference level shall be taken to be that corresponding to an 
R.M.S. sound pressure of 0*0002 dyne per sq. ein.t When, 
under the above conditions, the intensity level of the standard 
tone is 7i decibels a!)ove the stated reference intensify, ihe sound 
under ineasureinent is said to have an equivalent loudness of 
n phons (B.S.). 

*^Note —^*rhe experimental realisation ot the definition of the unit of 
equivalent loudness requires the resources of a standardi.sing labora¬ 
tory. In practice simpler techniques are necessarily mployed.” 

Over a wide range of pure tones, from approximately 200 to 
4000 c./sec. and of intensities from 40 to 100 decibels above 
threshold the loudness level in phons is approximately the same 
numerically as the intensity level in decibels.^ Within this range 


Glossary of AcoU!>fical Terms and Definitions, Uritiili Slandard^ Insti¬ 
tution, No 661, 1936. 

t More accurately an intensity 1< vet of wall/ini.'', corresponding 

to an R.M.S. sound pressure of 0'000204 dyne/cni.' at 20"C. and 76 cm. 
vf mercury pressure. 

tSee, for example, H. Fletcher and W. A. Munson, Acoust. Soc. Amer. 
/., 5, p. 82, 1933. 
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therefore ‘subjective’ and ‘objective’ sound meters may be 
expected to give leasonable agreement (see p. 557). 

To summarise, we may say 

(1) The Ivtnisity level of a sound is the number of decibels 

above the reference intensity. 

(2) The Loudness level of a sound is the intensity level 

(decibels expressed as phons) of tlic equally loud refer¬ 
ence tone alternatively hoard at the same place. 

I'he relation between sound intensity and loudness has an 
important bearing on the problem of noise nieasuremenl. This 
question is discussed at some length in a later section (see p. 
558 etc.). 

Abnormal Hearing. Masking Effect of Other Sounds --’rhe 
obsewations mentioned above refer only to ‘normal’ ears under 
ideal conditions of test. It is evident that the lower curve of 
fig. 110 (a) may have to be raised considerably if the observer 
is somewhat deaf, a greater pressure amplitude being required in 
this case to reach the thre.shold of audibility. Experiments by 
J. P. Minton* not only demonstrate tins effect, but also show 
that in certain cases of nerve deafness a person may be absolutely 
deaf to a certain limited range of frequency, whilst remaining 
sensitive to other frequencies (analogous to colour-blindness). 
Minton has obtained audibility curves (1) for normal ears, (2) for 
ears diseased only in the middle car, (3) for ears diseased only 
in the internal ear, and (4) combinations of (2) and (3). The 
results appear to have an important bearing on theories of audi¬ 
tion. Abnormality in the conditions of tests may also modify 
the norma! curve considerably. It is obvious that the presence 
of extraneous noises during the test will reduce the apparent 
sensitivity of the ear and raise the threshold curve of audibility. 
Measurements of this nature have been made by R. T. Wegel 
and G. E. I..ane,t a telephone receiver being supplied with current 
of two different frequencies of adjustable intensities. The amount 
of ‘masking’ by tones of frequency 200 to 3500 p.p.s. was deter¬ 
mined for frequencies from 150 to 5000 p.p.s. The magnitude 
of a tone was taken as the logarithm of the ratio of its pressure 
to the threshold value, and masking was taken as the logarithm 
of its threshold value with masking to that without. The curves 
of masking as a function of magnitude were found to approximate 
to straight lines. Except when the frequencies were so close 


*Phys. Rt^v.. 19, p 80. 1922. 


1 Phys. Rev., 23, p. 266, 1924. 
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together so as to produce beats, the masking was greatest fear 
tones nearly alike. When the masking tone was loud it masked 
tones of higher frequency bt;tter than those of frequency lower 
than itself; there was little difference, however, if the masking 
tone was weak. At intensities considerably above minimum 
audibility they found that there was no longer a linear relation 
between the sound i)rcssure and the response of the car, this 
non-linearity accounting for the combination tones and ‘subjective 
overtones’ observed in certain cases. H. Fletcher* has also 
made experiments on tlic masking effect of one tone on another, 
and has found, contrary' to statements by A. M. Mayer,f that 
higher tones may mask lower ones. This problem of masking 
is not only of iinpoi lance in relation to theories of hearing, .but 
has a very wide, practical significance in telephony and signalling 
in general, where it is often necessary to iisten intently to a 
particular sound in the presence of other disturbing noises. 

Perception of Quality and Pitch—A fundamental law in 
physiological ac(ju.stics was forrnnlatrd by OliniJ (the author of 
Ohm’s law in elecliicity), in tlic statement that the ear recog¬ 
nises as pure tones only those due to simple hanuonic vibrations, 
and that it resolves any other complex vibiatioir into its hannonic 
components, perceiving them as a summation of pure tones. 
This amounts to saying that the ear Is capalrlc of analysing a com¬ 
plex tone into a Fourier harmonic series of simple tones. As 
everyone is aware, the ear is particularly sensitive to that character¬ 
istic of a sound which we call quality, which depends essentially 
on the number, intensity, and distribution of the harmonic 
components into which a sound can be analysed. Notes of the 
same pitch from a tuning-fork, a violin, a piano, a clarinet, and 
an organ are, to the ear, entirely diffemnt in quality and are 
instantly recognisable. Using such a wide selection of ‘quality’ 
in sounds, II. Fletchcr§ has recently made expcri.nents on the 
effects of cutting out certain harmonic components. He used 
a telephone system to re])roduce the sounds, and electrical filter 
circuits (see p. 498) to eliminate any desired frequency-range. 
As a result of his observations he claims to have proved that only 
the quality and not the pitch of such musical sounds is changed 
when a group of low- or high-frequency components is cut out. 

• Franks. Inst. Journ., 196, p. 289, 1923. 

fPkil. Mag., 11, p. 500, 1876. 

t G. S. Ohm, Fogg. Ann,, 59, p. 513, 1843 ; ami 02, p. 1, 1844. 

§P/iys. Rev., 23, 427. 1924. 
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For example, he maintains that the pitch remains the same when 
the fundamental and the first seven overtones were eliminated 
frcHn the vowel ‘ah’ sung by a baritone voice at an ordinary pitch. 

Ohm’s law says nothing about the relative phases of the harmonic 
components into which the ear analyses the sound, although in the 
Fourier analysis of a complex sound phase relationships are just 
as important as amplitudes and frequencies. To examine tins 
point, Konig* made experiments with double sirens, constructed 
in such a manner that the phase of one component sound could 
be shifted relative to the other by displacing the ‘fixed disc’ of 
one siren relative to its normal position. His observations led 
to the conclusion that the phase effect, if it existed at all, must be 
due to secondary causes. Experimenting with a harmonic series 
of electrically-maintained tuning-forks, Helmholtz found that 
the quality depends solely on the number and relative strengtlis of 
the partial, simple tones, and in no respect on their differences 
of phase. Lloyd and Agnew.f by a more refined electrical 
method of producing the tones and varying the phases, have 
confirmed Helmholtz’s conclusion. 

Minimtim Duration for Identification of Pitch. ‘Persist.' 
ence of Audition.' Aural Fatigue--Experiments by Kohl- 
rausch to determine the lowest number of vibrations required to 
excite the sensation of pitch, indicated that a fair estimate (within 
3 per cent.) may be fomied if only two impulses reach the ear. 
Listening to musical sounds in a telephone circuit which could 
be completed for a known fraction of a second, G. GianfranceschiJ 
found that the minimum duration required for identifying the 
pitch was the same for all frequencies, and amounts to 1/40 sec. 
A specially trained ear might reduce this period to 0*01 second. 
Similar experiments have been made by E. Lubcke§ in the case 
of a sound of frequency 1000 p.p.s. In air or in water, with a 
feeble or strong signal, a sound lasting 9 or 10 periods (0*01 sec.) 
was found to be necessary for the production of a definite ‘tone- 
impression.’ 

Experiments which have an important bearing on this question 
have been made, in an entirely different manner, by Weinberg 
and Alien. II A continuous .sound issued tlirough a hole in a felt- 

* See Rayleigh, Sound, 2, p. 469 ; and ITied. Am., 14, p. 392, Iftll. ' 

t Bureau of Standards Bull., 6, 255, 1909. 

XAccad. JJneei. Atti, May 1914. i Zeits. Techn. Phys,, 2, 1921. 

\\Pha. Mag., 47, pp. 50, 126, and 141, 1924. See also R. C. Parker 
Phys. Soc. Proc., 50, p. 108, 1938. 
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lined box, the hole being alternately closed and opened by a 
rotating disc >vith four symmetrical holes, corresponding in size 
with that in the box. The speed of the disc was gradually in¬ 
creased until, at a certain critical value, the pulsation or ‘flutter^ 
of the sound just disappeared, the sound then appearing continuous 
to the ear. The ‘persistence’ of the sound at this critical speed 
was found for various frequencies and intensities to lie between 
0*0127 and 0*0215 seconds, 'fiiis ‘after-effect’ in the ear, or 
‘persistence of audition,’ is analogous to ‘persistence of vision,’ 
the eye being unable to distinguish the interruptions in a flicker¬ 
ing beam of light if the frequency of flicker exceeds 40 per second. 
In a similar manner also the car is fatigued after expo.sure to a 
loud sound, and takes time to recover its nonnal sensitivity after 
such exposure. In order to measure this fatigue, Weinberg and 
Allen (using the above method) determined the critical ‘flicker’ 
frequency after the car had been subjected to diffcrciit degrees 
of exposure to another sound. It was found when the ‘fatiguing’ 
tone agrees in frequemey with the ‘lest’ tone, the fatigue is a 
miiximum. When tiie frequency is about o p.p.s. above or below 
that of the ‘test' tone, the fatigue effect is negligible. 

Audible Limits of Frequency -The intersection points of 
the two curves sliown in fig. 110 (a) correspond to the upper and 
lower limits of frequency which the car can perceive as sound. 
These limits vary greatly for different observers, and, in the case 
of tiie upper limit, the two ears of the same observer often differ 
appreciably. In many of the earlier observations of the upper 
limit of frequency insufficient attention was paid to the measure¬ 
ment of amplitude as well as frequency, and in some cases the 
limit appeared low on account of the small amplitude of the sound 
at higher frequencies. Other causes of differences of opinion 
regarding both the lower and the upper limits of frequency may 
have arisen through the simultaneous excitation of o:her frequen¬ 
cies, higher or lower than the one under test. For example, in 
determining the lower limit by Helmholtz’s method of the loaded 
string, or the loaded tuning-fork of Edclmann, it is diflicult 
to ensure that overtones are not excited. Tlie vibrations of air 
in large organ pipes are also liable to contain low frequency 
overtones which may be mistaken for the fundamental. There 
appears to be general agreement, however, that the lowest audible 
frequency is not far from 20 p.ps. Below this frequency the 
oscillations are delectable individually as direct pressures on the 
ear-drum—that is, they do not blend into a smooth note. At the 
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other extreme of tlie frequency scale the divergence of opinion 
is still greater. Rayleigh* states that bird-calls cannot be heard 
abwe 10,000 p.p.s., although a sensitive flame can still detect 
the vibrations \ip to 50,000 p.p.s. There is no doubt, however, 
that the vibrations of short steel bars, electromagnetically excited, 
can be heard up to 20,000 p.p.s., and by some persons at fre¬ 
quencies even higher than this. A good average range of fre¬ 
quency for the human ear may be taken as 20,000. p.p.s. 
At very high frequencies, however, the ear loses its power to 
discriminate variations of pitch. Electrical wave-filter experi¬ 
ments on the reproeluctitm of speech and music indicate that 
frequeiu'ies above "<000 or 5000 p.p.s. need not be considered, 
for above this frequency the ear is very insensitive and has lost 
its power of appreciating pitcli. The frequency-range employed 
in music extends frcmi yhout 40 to 4000 p.p.s. 

Perception of Direction. Binaural Audition.—The charac¬ 
teristics of hearing which we have hitherto considered apply 
equally well to one ear alone or to a pair of ears acting as inde¬ 
pendent receivers. One of the most important functions of the 
ears—namely, perception of direction- can only be fulfilled 
satisfactorily, how'ever, when they are used as a pair. This 
instinctive ‘sense of direction,’ which is so familiar, presents a 
scientific problem which is still only partially solved. For the 
progress already made towards its solution >ve are indebted 
principally to Rayleigh.f Binaural hearing has been likened by 
some writers^ to stereoscopic vision, but the analogy is of doubtful 
application, for it is possible to estimate with considerable 
accuracy the direction of a source of light, using one eye only, 
but in the case of sound both ears are necessary. The two eyes 
help us to estimate range as well as direction, but the two ears 
are incapable of this additional function. An average person 
with closed eyes is usually capable of estim.ating the direction of 
a sound within a few degrees, whether the sound be continuous 
or of short duration. The directional accuracy is fairly good if 
the sound proceeds from the right or the left, but may be in error 
by 180° if the sound approaches from behind or in front. Hie 
estimation of direction is usually spontaneous and does not require 
a movement of the head. 

Intensity and Phase Theories —For high-pitched sounds of short 
wave-length these effects might be explained by the difference 

* Sound, 2, p. 433, f Sound, 2, p. 440. 

I See, e.g., Geiger and Schcele, Hondback der Phydfe, 8, p. 538. 
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of intensity of the sound reaching the two ears, the head 
acting to some extent as screen to the ear farther away 
from the sound source. At lower frequencies, however, when 
the wave-length exceeds the circumference of the head, the 
intensity theory alone cannot explain the observations ; for the 
directional effect is still good in spite of the fact that the 
intensity difference at the two ears must be very small. Regard¬ 
ing the average head as a rigid spliere of radius a, Rayleigh* 
has calculated the variation of sound intensity around it for 
.sounds of wave-length proceeding from a distant source. 
Denoting the front, rear, and side positions by A, B, and C 
respectively, the relative intensities are given in the table, where 
27ra is the circumference of the ‘head.’ 


lnal\ 

2-0. 

-l-O 

---O'5 1 

\ A 

0-69 

o-:)U 

0-29 i 


0-82 

0-28 

()-26 


0/56 

n-2d 

0-28 

. 


For still smaller values of 27 ro/> , tli(' difference of intensities 


A and B is given approximately by 


3/2jray' 

A ) 


, that is, the difference 


varies inversely as the fourth pctwer of the wave-length. Regard¬ 
ing the ‘head’ as a sphere of circumference, %ca—2 ft. at a 
frequency of 256 p.p.s., the ratio 2n-fl/A=0’5, and the difference 
of intensities for positions A and B is only about 10 per cent. 
—-i.c. would be just detectable under favourable conditions. 
When N=:128 p.p.s. the difference would be less than 1 per cent., 
and at lower frequencies would be still less. Now the ears are 
capable of perceiving sound direction without difficulty at fre¬ 
quencies considerably lower than 128 p.p.s., so the intensity 
theory must fail. Rayleigh says, “When a pure tone of low pitch 
is recognised as being on the right or the left, the only alternative 
to the intensity thedi^ is to suppose that the judgment is founded 
upon the diff(>rence of phases at the two cars. But even if we 
admit, as for many years 1 have been rather reluctant to do, 
that this difference of phase can be taken into account, we 
must, I think, limit our explanation upon these lines to the 
cases of not very high pitch. . . . Now it is certain that a 

* Nature, 14, p. 32, 1876 ; Phil. Mag., 13, p. 214, 1907 ; and Scientific 
Papers, S, p. 347. 
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phase retardation of half a period affords no material for a 
decision that the source is on the right rather than on the left, 
seeing that there is no difference between retardation and an 
acceleration of half a period. It is even more evident that a 
retardation of a whole period, or of any number of whole 
periods, would be of no avail. ... It would seem that at high 
pitch (above 512) the judgment is based upon intensities, but 
that at low pitch, at any rate below 128, phase difrerence.s must 
be invoked.” Rayleigh found if the same tone were led to the 
two ears by different paths, that the .sound could be made to 
appear to come from ‘right’ or ‘left’ at will, by adjusting the 
relative path length, i.e. by varying the relative phase. The sound 
wa.s alway.s stated to be on that side on which the phase is in 
advance by less than half a period. This result has been confirmed 
by many other observers, but it remains unexplained. G. W. 
Stewart* has made careful observations of the apparent change 
of direction produced (a) by varying the relative intensity at the 
two ears of an observer, keeping the pha.ses constant, and (b) by 
varying the phase difference and keeping the intensity constant. 
In the former case, writing 6 as the apparent direction, and Ig, 
and 1 l the intensities at the right and left ear respectively, it was 
found that 9 was approximately equal to k lug (Iji/I,, ). the ‘con¬ 
stant* K decreasing somewhat with frequency for certain indi¬ 
viduals. In series {b) the direction 6 was given by K*b , where 
8 is the phase difference and k' i.s a ‘constant’ which is a linear 
function of frequency. 

Stewart found that the upper limit of the phase-difference 
effect lies between 1000 to 1500 p.p.s., and concludes that this 
is the most important effect in the localisation of a pure tone 
of frequency lying between 100 and 1200 p.p.s. He points out 
also that there are more factors in actual localisation than the 
theory assumes, for example, reflection and changes of quality 
may have an important influence. Above the limit of the phase 
effect, 1200 p.p.s., the intensity must become an important factor. 
Rayleigh suggested, in explanation of the phase-difference pheno¬ 
mena, that “the nerve processes must themselves be vibratory, 
not in the gross mechanical sense, but with preservation of the 
period and retaining the characteristics of phase.” This view 
of the matter raises physiological difficulties. It has been sug¬ 
gested that the phase effects may still resolve into a difference 

*Phys. Rev., 15, pp. «5 and 432, 1920. See also HarUey and Fry, 
Phy$. Rev^ 13, p. 373, 1919, and 18, p. 431, 1921. 
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of intensity due to interference between the direct and transmitted 
vibrations. The latter are supposed by Myers and Wilson* to 
pass from one ear to the other through the bones of the head, 
the resultant, depending on the phase difference at the ears, 
ultimately passing to the auditory or 8 th nerve centre in the brain. 

Time-difference Theory —Hornbostcl and Wertheimerf have 
suggested that the directional properties of the ears might be 
due to the time difference of arrival of the sound at the two e^^rs. 
Their nieasureincnt.s indicate a possible variation from 0 to 
6 ‘jXiO‘^ second, a.s the source jiasses from the median plane 
to a 90^^ position {directly right or left). The time difference 
6-3X10 second corresponds to a path difference of 19 cm, 
which is not neces.sar ily the distance apart of the ears, but a 
constant k in the relation d—.k sin 0 where d is the iwth difference 
and 0 the direction-angle which the .sound makes uilh the median 
plane of the head. Hornbostel and Wertheimer attempt to recon¬ 
cile this iheoiT to explain the case of continuous pure tones, 
which the ears can readih locate even if they were ‘stopped’ 
at the instant when the sound coniinenced. W. Kunzef has 
pointed out that if the liead is immers{*d in water, uhen a source 
of sound is moved through 180° (from 90“ right to 90° left), the 
impression is received that the source moves only from about 20 '’ 
right to 20 ° left. 

An interesting observ ation made by S. P. Thomson § in 1877 
i.s the production of binaural beats. A sound led into one ear, 
through a telephone earpiece, is capable of giving beats with 
another sound, of slightly different frequency, led into the other 
car through another earpiece. Combination tones are not pro¬ 
duced under these conditions. This subject has been studied 
by C. E. T.,ane,|[ who considers the exjTerimcntal evidence to 
indicate that the beats are not due to cross-conrluction through 
the head, but are of central origin and result from the sense of 
binaural localisation of sound by phase. If the h 'ats are slow 
they are generally recognised as an alternate right and left locali¬ 
sation, the sound appearing to ‘revolve round the head.’ Fast 
beats (more than one per second) are generally recognised as an 
intensity fluctuation. 

* Proc. Roy. Soc., 80, p. 260, 1908. See also H. Banister, Phil. Mag., 2, 
pp. 144 and 402, 1926 ; and Phys. Soc., Discussion on ‘Audition,’ June 1931. 

Preuss. Akad. Wiss. Jierlin Ber., 20, p. 388, 1920; and Phys. Soc., 
‘Audition,’ 1931. 

i Phys. Zeits., 22, p. 649. 1921 : and Zem. Techn. Phys., 3, p. 40, 1922. 

iPhil. Mag., 4, p. 274, 1877. See also Stewart, Phys. Rev., 9, p. 502, 
1917. lIPAyi. Rev., 26, p, 401, 1925. 
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Rayleigh’s phase theory of hearing involves a principle which 
has an important application in the directional transmission and 
reception of sounds (see p. 450). 

Combination or Sum and Difference Tones —When the ears 
are assailed by two sounds of nearly equal frequency Ni and 
N 2 , the phenomenon of beats (see p. 124) is observed—that is, the 
sound appears to have a mean frequency N=(Ni+N 2 ) /2, fluctuat¬ 
ing, in intensity with a frequency (Ni—N 2 ). In 1745 Sorge, a 
German organist, and in 1754 Tartini, an Italian violinist, dis¬ 
covered independently that the union of two distinct musical tones 
sometimes produced a third or ‘resultant tone,’ which was quite 
distinct from either of the primary tones. For a long time it was 
supposed that this resultant tone w'as simply the ‘beat tone’ of 
frequency equal to the difference of the primary frequencies 
(Ni—N 2 )* The discovery by Helmholtz of a second resultant 
tone of frequency equal to the sum of the primary frequencies 
(N 1 -I-N 2 ) reopened the question, and the ‘beat tone’ theory had 
to be abandoned. Helmholtz described the contbination tones 
as the ‘sum and difference tones,’ It is essential for the satis¬ 
factory production of combination tones that the two primaiy 
tones should be loud and sustained, and that their frequencies 
be so chosen that the frequency of the combination tone should 
be about the middle of the audible range. Thus to hear a differ¬ 
ence tone two high notes separated by a frequency interval of, say, 
400 or 500 p.p.s. should be sounded loudly. The summation 
tone is more difficult to hear, and it is preferable that low notes 
should be used. The writer has observed the difference tone, 
600 p.p.s., due to two intense but almost inaudible primary tones 
of frequencies 12,000 and 12,600 p.p.s. (obtained by exciting 
two small steel diaphragms eleclromagnetically). Barton* gives 
details of methods of observing sum and difference tones when 
the primary tones are produced by different instruments (double 
whistle, two fifes, two organ pipes, harmonium, or pianoforte). 
To make the combination tone more easily observed he suggests 
sounding fiist that primary which lies near in pitch to the com¬ 
bination tone to be produced. As we have seen, when two notes 
of tlie same intensity produce beats, the intensity varies from zero 
to four times that of one primary alone, even when the primaries 
are feeble. Actually, however, the difference tone is only heard 
when both primaries are loud, and even then it is of much smaller 
intensity than either of them. The question arises as to the 


*^Smnd, p. 386, 
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objective existence of the combination frequencies of vibration 
in the medium itself, it being at least possible that the effect is 
entirely subjective, the ‘combination’ being performed in the ear. 
The objective reality of the tones has been demonstrated by many 
observers, by using a sensitive .’^senator tuned to the expected 
tone (Ni—lSf 2 ) or (N 14 -N 2 ). For this purpose tuning-forks,* 
Helmholtz resonators,! and other devices for indicating the 
presence of a particular tone have been used. As we shall see, 
this does not exclude the possibility of subjective combination 
tones also. 

Objective Combination Tones —As already stated, it is often 
nece.ssary for the production of these tones that the primary sounds 
should be loud. In such cases the restoring forces called into 
play are not proportional to the displacements, as in small- 
amplitude vibrations, but require a tenn involving the square of 
the displacement. In other \vordSj the relation between force 
and displacement is not linear, and the displacement due to the 
simultaneous operation of two forces is not the simple sum of 
the .separate effects. Neglecting damping forces, the equation of 
motion of a particle of the medium {cf. ]). 37) is consequently 
of the form 

cos ros (p^f— 

the solution of which is expressed in tenns of cos {2pit), cos { 2 p 2 t), 
cos {pi — p 2 )i, and cos {pi-\-p 2 )t- That is, the resultant tone has 
component tones which are octaves of the primaries, and also 
the .sum and difference tones which we are now considering. 
The amplitude factors of these tones require Fj and F 2 to be 
large, before they are appreciable. This theory is due to Helm¬ 
holtz. and is sufficient to explain the principal experimental 
ohservations on objective combination tones. 

Subjective Combinatu.m Tones-~lt is not an uncommon cir¬ 
cumstance to observ^e a difference tone when the primary tones 
are relatively feeble. The effect cannot be explained either on 
the ‘beat tone’ theory or the Helmholtz theory of large amplitudes. 
An explanation which appears generally satisfactory has been 
given by Waetzrnann,J who attempts to reconcile Helmholtz’s 
theory of combination tones and Konig’s theory of beat tones. 
He lays stress on the fact that there is not only asymmetry in 

* Rucker and Edser, Proc. Phys. Soc., 13, p. 412, 1895. 

t Helmholtz, Sensation of Tone; C, V. Boys, Phil. Mag., 14, p. 186, 
1882 ; and Rayleigh, Sound,'2, 

$ Zeits, f. Physik, 1, pp. 271 and 416. 1920. 
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the restoring force in the medium vibrating with a large amplitude, 
but also there is asymmetry in the ear itself, consisting as it does 
of a diaphragm (the drum) heavily and unsymmetrically loaded 
on one side by the bones of the ear. As an example of such 
effects he records the vibrations of a diaphragm with a central 
mass attached to one side only. The free vibrations are un- 
syrnmetrical about the position of zero displacement. When such 
a diaphragm is excited by means of two pure tones of different 
frequency, for example by means of two tuning-forks, the re¬ 
sultant record is similar to that of beats (sec fig. 7, p. 20), but 
the ciirv'c lies mainly above the line of zero displacement. 'The 
effect is analogous to that of a poor quality rectifier in an electrical 
circuit passing current of two different frequencies. A carbon 
granular microphone is, in fact, a convenient means of demon¬ 
strating the asymmetiy of motion of a diaphragm ; oscillograph 
records obtained with such microphones always show this asym¬ 
metry, but the effect is partly due to another cause with which 
we are not concerned here. Waetzmann’s view of the matter is 
therefore that the ear acts as an asymmetrid? vibrator and a partial 
rectifier of the vibrations incident upon the drum. On this view 
the various ovenones, and sum and difference tones, ate all 
readily explained. 

Discord and Harmony—Before the Christian era the Cheeks, 
and possibly others before them, studied musical harmony and 
discord. Pythagoras made the noteworthy ^/bseivation that a 
string, divided into two vibrating segnents, emi^s sounds which 
are more nearly in perfect harmony the simpler the ratio of the 
lengths of the two parts, i.t;. the combination of two notes is more 
pleasing to the ear the smaller the two numbers which express 
the ratio of their vibrations. Sauveur in 1700 recognised that 
“octaves and other simple concords, whose vibrations coincide 
very often, are agreeable and pleasant because their beats are 
too quick to be distinguished.” Helmholtz confirmed this 
observation that discords are due to 'unpleasant beats,’ the un¬ 
pleasantness arising through fatigue and irritation of the ear. As 
in the optical case, a very slow ‘beat’ or flicker is not irritating, 
the ear (or eye) having time to recover between successive stimuli. 
At a high rate of flicker the ‘persistence’ of audition (see p. 358) 
is such that the sensation is continuous, in spite of the fact that the 
stimulus is intermittent, hence there is no irritation in this case 
either. Weinberg and Allen* give values in the neighbourhood 


* Loc. cit. 
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of 80 per second as the upper limit of the rate of sound flicker 
which is detectable, the frequency of the sound being 280 p.p.s. 
When the frequency of the flicker lies between these extreme 
cases, however, the efTect becomes irritating to the auditory nerve, 
which is at one moment stimulated very strongly and at the next 
moment allowed to recover, but before recovery is complete is 
stimulated again, and so on. At frequencies in the neighbourhood 
of 500 p.p.s., Helmholtz found that the rnaxinmm irritation or 
discord occurred at a beat-frequency of 33 per second, the effect 
disappearing altogether when this frequency reached about 80 per 
second. The harshness or discord produced by two notes of 
different frequency dcjrends upon (Ij the beat-frequency, f2) the 
quality of the sounds, (3) the absolute pilch or sound-frequency 
of the notes. With regard to (2) it is not difficult to understand 
that beats of irritating frerjuency may he produced when two 
tones, rich in harmonics, are sounded togctircr. Although the 
fundamental tones are separated by an intci\al too great to 
produce discoid, it frequently hapiJens that certain oxertones of 
one sound may ‘beat’ with other overtones of the second sound. 
As an example of this we may refer to 'lyndaH's analysis* of the 
tones emitted from two strings, the ration of whose fundamental 
frequencies arc 1 : 2, 2 : 3, 3 : 4. 1- : 5, and 5 : 6, the fundamental 
tone of one string beiirg always 264 p.p.s. Tire overtones fonn 
a complete harmonic series in each ra.se. The lowest beat-fre¬ 
quencies between any j^air of partials are for these combinations 
264, 132, 88, 66, and 5.3 rcsjxTtively, indicating that there is no 
serious tendency to discord until the ratio of the fundamental 
tones reaches 4:5. A tuning-fork vibrating with a small amplitude 
at a frequency of 250 p.p.s. will harmonise with another fork 
vibrating at any frequency above 350 p.p.s., the beat-frequency 
being sufficiently high and tuning-forks free from harmonics. 
Similar notes on a stringed instrument, a piano for example, 
would be discordant, for the third harmonic (750 p.p.s.) of the 
first tone would ‘beat’ at an irritating frequency (50 p.p.s.) with 
the second harmonic (700 p.p.s.) of the second tone. Although 
the harmony or discord clue to two notes depends mainly on their 
frequency-ratio and the harmonics present, it is also dependent 
on the absolute frequency. I’lnis 200 and 300 are concordant 
whatever harmonics are present ; but 100 and 150, the same ratio, 
are. discordant if the first four harmonics in each are present. In 
general, the lower the notes the simpler must be the ratio, or the 

• Sound, p. 302. 
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fewer the harmonics, to avoid discord. At very high frequencies 
beats are rarely noticed. The choice of chords and musical 
intervals must recognise the foregoing principles. A considera¬ 
tion of music and hannony would, however, lead us too far astray. 
The reader is recommended to consult more specialised text¬ 
books on these subjects. 











Structure of the Ear—It is beyond the .scoj)e of a book of 
this nature to deal at all adequately with a complex anatomical 
subject such as the detailed structure of the ear. For further 
infonnation a standard textbook of anatomy or physiology 
should be consulted. The following remarks must ^ looked 
upon as a guide rather than a description. In human beings 
the ‘organ of hearing’ is divided anatomically into three principal 
parts ; the outer, the. middle, and the inner ear. The general 
aiTangement is shown in fig. 111a. The outer ear consists of 
the relatively large external 
‘shell* or collector which leads 
into the auditory canal and 
tlience to the drum (‘mem- 
brana tympani’). In the 
lower animals the external 
shell is provided with muscles 
and is very movable, presum¬ 
ably to collect sounds from 
different directions ; whereas 
in man this function is 
rudimentary, so that he can hear almost as well with his ear cut 
off. The auditory canal in the average adult has a length from 
2’1 to 2’6 cm., a volume of about 1 c.c.., and an opening of 0‘3 to 
0‘5 cm.^. 7'he middle ear (or tympanum) is separated from the 
outer canal by the drum, a thin layer of fibrous tissue covered with 
skin externally and with mucous membrane internally. Its average 
dimensions are 1*00 cm. major axis (horizontal), 0*85 cm. minor 
axis (vertical), the area being approximately 0*65 cm.®. Then 
cpmes the chain of three bones : the hammer (malleus, 23 mg.), 
the anvil (incus, 25 mg.), and the stirrup (stapes, 3 mg.), which 
stretch across the middle ear and connect the outer auditory 
canal to the inner ear. The ‘handle’ of the hammer is attached 
eccentrically to the inner side of the drum-skin, dragging the 
latter slightly inwards. The middle ear leads via the Eustachian 
tube to the throat, the tube being normally closed but opening 
in the act of swallowing. The object of this connection is clearly 
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to provide a means of equalising the pressure on opposite sides of 
the drum-skin, thereby preventing damage due to possible large 
variations of pressure. The inner wall of the middle ear presents 
two openings known as the oval and the round windows. The 
fonner opens into the ‘vestibule’ of the inner ear and is normally 
closed by the base of the ‘stirrup’ bone and a marginal membrane. 
The round window leading into the ‘scala tympani’ of the 
cochlea is closed by an elastic membrane. The inner ear (the 
labyrinth) is highly coxnplex, and contains the nerve-endings 
which respond to the vibrations of sound. It connects to the 
middle ear via the oval window (end of stirrup) and the round 
window. The labyrinth is a bony cavity (200 mni.^) containing 
a membranous labyrinth of similar fonn filled and surrounded 
by lymph (£?7xdolymph inside and p<?nlyii!ph outside)—a fluid like 
water. The cavity consists of three parts : the vestibule (at the 
oval window), the seimicircular canals (the organ of ‘balance’), 
and the cochlea (the ‘snail shell’ containing the hearing processes 
and nerv’e-cndings). 77n’ cochlea is a remarkable structure—a 
spiral tube of hone (20 to 30 mrn, long), divided along its length 



Fig. 11 IB —Section of one turn of Cochlea 
(Geiger aad Scbeclc, llandbufh der Physik) 


by the ‘lamina spiralis’ and the basilar membrane into two 
cavities, the ‘scala tympani’ and the ‘scala vestibuli,’ which 
intercommunicate at the tip of the spiral at the end of the lamina 
spiralis. A section of one turn of the cochlea is shown in fig. 111b. 
The membranous labyrinth, almost triangular in section, is formed 
by the ‘membrana vestibuli’ and ‘membrana basilaris.’ The 
latter is kept in tension by the fibrous structure ending in the 
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spiral ligament (see fig. 111c). Fomiing an arch, of triangular 
section, over a portion of the basilar membrane are the Wods 
of CortV which support the hair-like cells and nerve-endings over 
which hangs the membrane tectoria. All these structures gradually 
diminish in size as the cochlea winds from its base near the oval 
window to its tip. 


StHf/C/iM edit 
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F'ig. 11 1C— End Apparatus 

(Geiger sod Scheele, Handbuck der Phyuk) 


Theories of Hearing—Tlic progress of a sound wave down 
the auditory canal, affecting the drurn-skin and the three bones 
and passing along the cochlea over the basilar membrane, can 
readily be imagined, but the actual conversion of sound energy 
into nervous energy is not so easy to follow. The gradation in 
size of the structures from the base to the tip of the ctxrhlca forms 
a strong temptation to suggest that they were designed to respond 
sympathetically to vibrations of all fiequencies within the range 
of audibility. It was thought at first that the rods of Corti 
served this purpose ; but more recently the basilar membrane, 
with its fibres stretched radially like a harp throughout the 
spiral, has received special attention. This view of the matter 
i.s generally spoken of as Helmholtz's Theory of Audition* but 
there are earlier references to a similar theory. According to 
this theory, the sound wave advancing along the cochlea excites 
into resonance that particular radial strip of the basilar membrane 
which is in tune with it. The vibration thus set up is com¬ 
municated directly to the corresponding hair cells and the spiral 
nert'e fibres which are supported between the rods of Corti and 
the basilar membrane (see fig. lllc). Any theory of the action of 
the ear must, of course, account for all the experimental observa¬ 
tions to which we have referred above. The facts of Ohm’s 
law, that the ear can resolve a complex ume into its liarmonic 
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components ; the fart that a musician can name the notes fomiing 
a chord struck on the piano ; the wide range of intensity and 
frequency over which the ear is sensitive ; binaural perception of 
direction, and many other, as yet, obscure phenomena, must all 
be explained. The form of the curve of sensitiveness of the ear 
with variation of frequency (sec fig. 110 (6)) suggests that the 
mechanism is either multi-resonant or considerably damped, or 
both. Such possibilities are not unlikely, when wc consider the 
chain of mechanical operations ; ihiough the air in a resonant 
cavity (tlie auditory canal), the membranous diaphragnt, three 
solid bones (not rigidly connorledl, then a liquid-filled cavity- 
containing stretched libres. Observations by Harkhausen* on 
the damping of the f‘ear-iesonators* indicate a logarithmic 
decrement A —d-12 over a range of frequencies 500 to 1500 p.p.s. 
It may not be witlujul interest to note also that the resonant 
frequency of the outer ear cavity (the auditory canal;, regarded as 
a closed jjipe of efh-di'ce Icnyth about 3 cm.. ai)proximates to 
2700 p.]).s., which coincides a}iproximatcly with the frequency at 
whifli the ear is found to b(.‘ most sensitive (see fig. 110). The 
beliaviour of the three bones is an interesting mechanical study in 
itself. There ap|)erirs to be an attempt here to reduce the dis¬ 
placement and increase the prcssmo-amplilude in transferring 
the \'ibrations of the drum (in air) to the liquid-filled cochlea, 
very low- or veiy high-frequency \ibralinns would not pas^ well 
through such a -system. Returning to the far more complicated 
problem of the fimctirin of the cochlea and basilar membrane, 
vaiious theories have been advarued as alternatives to that of 
Helniholtz.t 

A theory which avoids the difficulty altogether is due to 
Uinn (1865), and assumes that the basilar membrane vibrates 
as a whole. 'I'he impulses ascending the whole auditory nerve 
differ in quality, reproducing physiologically the chai'acter of the 
primary physical disturbances. On this view, the whole process 
of analysis is relegated to the auditory centre in the brain. The 
complicated structure of the cochlea would seem, however, to be 
quite unnecessaiy for such a pur}X)se. On such grounds the theory 
is somewhat unsatisfactory. 

* Phys. Zeus., 23, p. 537. VriS 

t Sec Fletcher Jotiru. h'runk. Inst., p. .P2. 1923. H. K. Roef, Phil. 
Mag., 43, p 349, 1922. A totnprehensive acooimt o{ ihc ear and Theories 
of Rearing is given in Geigi’r and Schccle’s Handbuch der Physik. 8, 
''Akustik,' p.' 477, -where niimerous references to publications will be 
found. Sec also IT. Flelrhcr, Speech and Hearing. 
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E. G. Wever and G. W. Bray,* experimenting on the auditory 
nerve in a number of cals (after destruction of the fore-brain 
under an anaesthetic), have shown that the ear and the nerve can 
be made to behave as an efficient microphone system. Electrical 
connections were made from the exposed auditory nerve to the 
body of the cat via the input circuit of an amplifier, the output of 
which \vas conne('ted to a telephone or loud-speaker. Sounds 
falling on the cal’s ear sveie re*pioduced in the telephones. Both 
high and low notes were efficiently transmitted in this way, and 
speech could be \indersl(X)d and the speaker recognised by his 
voice. The sen.sitivity of the system is of the same order as that 
of tlic human ear. The changes of the electrical potential pro¬ 
duced in the nerve system are an accurate coi)y of the sound waves 
fallins on the cai'. V’arious explanations have been offered by 
Wever and Bray, E. IJ. Adrian,! and others to account for this 
phem'menon. It seems likely that the Wever .ind Bray effect will 
ultimately thnxv .some light on the mechanism of the inner ear. 

R. 'I'. Beatty! has studied llic e\olution of auditory mechanisms 
oi animals---lishc':, ain])hibians, rcjJtiles and birds, and mammals 
—and shows how the mechanism changed to suit the various 
environmctilal conditions. Physiologu'al experiments on the 
cochlea of animals (chiefly guinea-j)igs and dogs) by Yosii, Held, 
Pavlow and othcis,! in wliieh small regions of the cochlea are 
destroyed by o fine drill or needle, ■^how that fiigh tones are 
located at the basal end and low tones near t.he apex j>f the organ 
of Corti. These and other cxpeiiiiamts show tliat the sensation 
of pitch is produced by the motion of a limited region of the 
basilar membrane—that is. pitrli i-, loealhrd. 'This conclusion 
lends support to the resonance theoiy of lieaiing. H. Hai:tridge§ 
obtains further support to the lesonanic theoiy in his experiments 
with sound sources capable of sudden pha.se reversal. By a 
sudden rotation of the stationary disc of a siren or by means of a 
photo-cell, light source and interrupter, abrupt phase reversals 
in a musical tone are produced. 'I’he eflect of the change of 

t*rOc, Nat. Acad. Sri., 16, p. 3tJ, 1930. 

y Phys. Soc. iJtscn. on Audition Kepoit, p. 3, 1931 ; and II. Davis, 

Aroust- Soc. Amer. ].. 6, p 205, 1935 ; Nature, p. 553, Mar. 26, 1938. 

See also tl. D. Adrian. Thr Bmis of Seiisuiivn (Cliristophci, 1928). 

tPhys. Sec. Disen. on Audition Hepori, p. 10, 1931 See also R. T. 

Beatty. Hearing in Man ofid Animuh (BelJ. London). 

^Btit. J. of Psychol., 11, p. 279, 1921, and 12, p. 142, 1921 ; Nature 
p, 15,3. July 30, 1932 ; Phys. Soc Proc., 48, p. 145, 1936 ; and Phys. Soc. 
prac., 49, p. 190. 1937, Sec also 1.. Hartshorn, Phys. Soc. ■ Proc., 49, 

p. 194, 1937. 
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phase is to bring the vibrating cochlear system momentarily to 
rest—a corresponding interruption of the tone, accompanied by a 
noise, being heard, in accordance with the resonance theory. On 
the ‘telephone’ theory of audition the phase change should 
produce no other effect than a slight sounding of either the octave 
above or the niajor fifth below the musical tone, but this effect is 
not heard. 

The electro-])hysiology of hearing has made considerable 
advances and an excellent summary of developments has been 
writttn by E. G. Wever.* This contains a valuable historical 
introduction dealing \vith what are now generally known as 
‘resonance’ and ‘place’ theories, and proposing a new theory, 
described as the ‘Volley Principle,’ which in some ways combines 
the older theories and provides a rea.sonable explanation of the 
observed behaviour of the auditory processes in man and animals. 
Each neive fibre of a group gtx's into a ‘refractory’ or dormant 
condition for a short time (of the order 0*5 millisecond) after 
stimulation, but a group consisting of a large number of nerve 
fibres subjected to stimulation, if they work in rotation, can 
respond to every single excitation of a rapid series without an 
excessive requirement being jjlaced tq)ori any one of them. The 
greater the number of fibres the greater the sensitivity. According 
to Wever the average basilar membrane in man varies in width 
from O'l to 0‘5 nmi. (end to end) and is about 35 mrn. long. 
Atteirifjts have luvii made, by assumptions regarding the mass 
per mi’t length (or width' and the tension in the membrane, 
to explain tlic large frequency range and sensitivity of the ear, 
but hitherto the explanations are not very convincing. Wever 
describes clenily the remarkable study of the electro-physiology 
of the ear and its associated nerve fibres. The cochle.ai potentials 
induced by an incident sound wave reproduce faithtu'Iy the wave- 
fomi and frequency characteristics. It is found that the c(x:hlear 
response from 10 '^ to 10 volt is jrroportioiial to the strength of 
the stimulus. The organ of Corti and, more particularly, the 
hair cells are the source of the cochlear potentials.f The physio¬ 
logical pr(x;ess by wliich the hair cell generates electiical potentials 
when subjected to mechanical deformation can at present only be 
inferred by analogy with the behin iour of certain plant cells. An 

* Theory of Hearing (J. Wiley & Sons, Nrv York, and Chapman & Hall. 
Loudon, 1949). Contains a valuable coUeclicm of references to the subject. 

tSce also papers by C. S. Ilallpikr and A. F. Rawdon-Smith, /. 
Laryngof. Oiol, So., 672, 1935. 
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example of this is the water plant Nitella which, when bent or 
jjinchccl. produces a large electrical response. The cells of this 
])lani aie noimally polarised, just as the nerve fibre is. The 
presence of positive and negative ions in these cells suggests some 
form of clectro-ineclianical action (sec for example p. 439, the 
Debye effect). It is important to note that electro-physiological 
expeiinients made on anccstbctised animals do not necessarily 
represent in detail the normal conscious state of the animal’s 
hearing functions 

In .supjioi'i of his volley principle, VVever refers to experiments 
on nerve jesponsc and rctractoi'y periods in other parts of the body, 
thi' neives associated with leg muscles, and the nerves in teeth, 
responding faithfully to rnechannal vibrations of audio-frequency. 
K. J. Puinphiey''' h.is .studied the [iioblein tif hearing in insects, in 
which the tympanic organs are shown to have a common structural 
plan. Many in.sects bear at the end o{ the abdomen a pair of 
antenna-like organs iailed ccrci, which aie j)rovided with sensitive 
hair fibres connected to a ganglion d'H and nci\e fibre. This 
cereal oigan is stimulaietl ovet a cnnsiclerablc range of frequencies. 
I'. C. 1 r:iser and P. E. J\irves,t investigating the hearing of whales 
and porpoises, have .sh<>wri that these cetaceans are provided with 
a bony linkage and cochlea, the sounds being conducted from the 
sea throug’h a mass of lat which covers the auditory mechanism. 

G. V. Bckes) J has studied for many years tire processes of 
audition and. in particular, the means by which the ear analyses 
complex soiuids. He first worked with mechanical models of the 
cochlea—covering a triangular slot in a metal plate with a rubber 
film. By grading the thickness of this film the response could be 
restricted to a narrow region or even to a jrarlicular point. - When 
excited by .sound a wave travels from one end of the membrane 
to the other reaching a maximum at some intermediate point, the 
positron of which depends on the frequency of excitation. He 
repeated his large, scale model experiments by observations on 
actual specimens of Ituman and animal cochleas. Froitr these very 
difficult experiments Bekesy inferred tire forms of w'aves throughout 
the cochlea, and located high tones at the basal part and low tones 
towards the apex (as in the Helmholtz theory), The localisation 
is not very precise because of the heavy damping. He also 
observed certain vortex movements in the cochlear fluid. His 

* Biological Reviews (Cambridge, 15, 107, 1940). 

^ Bull, Brit. Museum {Zoology), 2, 103, 1954. 

t Numerous papers. See e.g. Akust. Zeits., 8, 66, 1943. 
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theory is often referred to as ‘the travelling-wave theory.’ 
J. Zwislocki,* experimenting with a model basilar membrane, 
concluded that a mechanical frequency analysis in the cochlea is 
possible without resonance, and that the elasticity and damping of 
the basilar membrane are the important factors. His theory 
showed that every tone produces a wave which travels up the 
archlea, reaches a maximum amplitude at some definite position 
and then fades away. The location of tVie maximum varies w'ith 
frequency in the manner indicated by Bekdsy. E. G. Wever, 
M Lawrenci’ and K. R. Smithf ha\'c, houever. shown that sounds 
are quite as effective in producing electrical potentials of the 
cochlea when they are applied to thr? rourul window at one end of 
the cochlea as u'hen applied to the oval windo'v at the opposite 
end. Further experimentst- led to the conclusion that every' form 
of slinmlation--by way of the oval window, through a hole in the 
cochlear capsule in any location, or by bone conduction from any 
point of application—])rodnces tlie same pattern of effect upon the 
cochlea. The vibrations njipear to be conducted through the 
fluid to all parts f'f the slruclure at high speed and ^^•ith no appreci- 
abl» loss of nm])litude I'hese eonclusions are. of course, 
unfavouiablc to the travcllinc-wavc theory 

SENSITIVE FLAMES AND JETS 

The di.scovery of flames sensitive to high-pitched sounds 
such a'! a hi'-s oi a rattle of a bunch of keys is attributed to 
Leconte.^ Sensitke gas flames and jets were studied by 
Tynd.all.^ By adjusting the gas pressure emerging from a 
pinhole orilice, the flame was brought to a very sensitive con¬ 
dition. that is just when the flame begins to shorten and to 

flare. Tyndall found that the taller the flame the more sensi¬ 
tive it becomes, a flame 24 ins. higli falling to a height of 7 ins. 

in response to the slightest tap on a distanv anvil. Such 
flames require rather greater gas pressures than the gas 
companies supply in the mains ; but it is pcjssible to operate 
shorter flames of somcu’hal less sensitivity at ordinary pressures, 
provided the diameter ol the jet is suitably chosen. |1 Tyndall 

* Experimentia, 2, (No. 10), 15, 1946 

^ Arch, of Otolaryngol,, 48, 19, 1948. 

tPrec. N.A.S. {V.S.). 38, 133, 19,52. 

IPhil. Mag., 15. p- 235, 1858. See also Barrett, Phil. Mag., Marcli 
1867. 

11 Sound (1867 Ed.), p. 230. 

11 See, for example, S. R, Humby, Proc. Phys. Soc., 39, p. 435, 1927. 
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showed that the effects are practically the same if un-ignited jets 
of coal gas, carbon dioxide, hydrogen, or air are used, such jets 
being rendered visible by smoke. ‘Smoke jets’ of this character 
were found to exhibit a sensitiveness in some cases even greater 
than that of the flames. Another method of making the sensitive¬ 
ness of an air-jet visible is to allow it to play on a flame which 
merely serves as an indicator. A somewhat different type of 
sensitive flame is one in which the coal gas is ignited on the 
upper side of a wire gauze held at a suitable distance from the 
jet. Rayleigh'^ desf'iihes a fuither modification which requires 
smaller gas pressures and is sensitive to .sounds of lower frequency 
also. Ridoutf found that fishtail flames, fonned by the union at 
a small angle of two similar jets (as in an acetylene cycle-lamp), 
exhibited directional properties with respect to the source of 
high-frequency sound. The response ^vas zero when the direc¬ 
tion of the sound was at right angles to the line of the jets [i.e, 
in the plane of the flame). Screening a long sensitive flame 
from the incident sound waves fiorn a high-frequency source, it 
is a simple matter to demonstrate that the tip of the jet is the se.it 
of the sensitivity of the flame. This sensitiveness is undoubtedly 
due to the instability accompanying vortex motion at the jet. 
The phenomenon is very complicated and is imperfectly under¬ 
stood. That it is due in some way to the viscous drag on the 
moving jet of the fluid as it leaves the orifice cannot be doubted. 
Rayleigh’s view of the matlcrj is as follows ; “At the root of the 
jet, just after it issues from the nozzle, iline is a near approach 
to discontinuous motion and a high degree of instability. If a 
disturbance of sufficient intensity and of suitable period have 
access, the regular motion is lo.st and cannot afterwards be 
recovered. But the instability has a very short duration in which 
to produce its effect. Under the influence of viscosity the 
changes of velocity become more gradual, and the instability 
decreases rapidly if it does not disappear altogether. Thus, if the 
disturbance be insufficient to cause disintegration during the 
brief period of instability, the jet may behave very much as though 
it had not been disturbed at all, and may reach the full develop¬ 
ment observed in long flames and smoke-jets. This temporary 
character of the instability is a second feature differentiating 
strongly these jets from those of Savart, in which capillarity has 
an unlimited time of action.” E. G. Richardson§ has shown 


* Sound, 2, p. 402. 
t Sound, 2, p. 408. 


i Nature, 18, p. 604, 1878. 
§ Nature, 116, 171, 1925- 
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that the relation between the velocity V and the length I of a jet 
of water, in a lank of water, when turbulence sets in is approxi¬ 
mately a hyperbola. In a jt;l issuing from a circular nozzle 
vortices are formed having a ficquency N given by V/ND=con- 
siant, where D is a lintai quantity depending on the diameter of 
the nozzle. On this view a jet should show a luaximuin response 
when the incident sound has a frequency N corresponding to 
the particular velocity V of the* jet, and cm account of the hyper¬ 
bolic relation V.^=rcc>nstant, the change of Icmgth over a certain 
small range of jcH velocity might be very gieat. The frequency- 
velocity relation suggests that the higher the velcuity of the jet 
the higher the liccpu'ncy to which it gives nnixiniuin response. 
E. N. da C. Andiad*'. ^ as .» resiili ot his icsearc licis into gaseous 
and liquid jets, states that the whole of the effec Is cif sound or other 
vibrations are due- tc* a tiansvei'sc' relative' motion ol orilice and the 
surrounding Hiiid. Z. Caniere t considers that the criteriiim of 
sensitivity is that the' velcH'ity curve- acioss any plane thrcjugh the 
jet should have <i pcnnl of inllcxion. 

Sensitive flatnej> may he used as indicalofs ot vibrations in 
air at practically all fiecjuencies uji to and ]X),s.sibly beyond, 
100,000 p.p.s A cjuartz rod oscillating m a Pic^-rce circuit (see 
p. 151) at this frc'qutmcy provokes a vigorems response. With 
such an arrangement aiinost all the optical anahrgies between 
scjund and light wave's can be re'uclrly investigated- In metrical 
work, a suggestion made by W.E. Benton :t is worth renu'rnbering, 
viz. that a small gas-pres.sme’ goveriioi as used b\ gas e.oinpanics 
would ket'p the ji't-jires-sure cemstant within 2 [ler cent, for a 
100 per cent, increase in the supply pressure, 'riie c hief difficuliy 
in the practic'al use of sensitive flames is the rnaintenanre of a 
((ffis'tant gas pressun’. 

FACTORS GOVERNING THE EFFICIENCY OF 
SOUND RECEIVERS 

Before proceeding to deal in detail with other forms of sound 
Tceeiver it may be well tc> consider certain features wdiich have an 
important bearing in the ‘efficiency’ of receivers of all types. § 
A senincl rccci/’er may, in general, be regarded as a device for 
converting the energy of wave-motion in the medium into some 

• Phys. Soc. Proc., 53, 329. 1941 

+ Le /. de Phvs. et Us Radius 8, 225, FH7. 

t Proc. Phys. Soc., 39, p. 443, 1927. 

§ .See F. Aigner, Vntertvasserschulltechnik, p F18 (Berlin, 1922) ; and 
GcigcT and Scheele, Handbuch der Physik, 8, ‘Akuslik,’ pp. 117 and 544; 
and H. Lichle, Phys. ZeUs.. 18, p 393, 1917. anil 19. p. 17, 1918. 

28 
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other form of mechanical, thermal, or dcctrical energy. In some' 
cases, to which we shall refer, the ‘receiver’ also acts as an 
amplifier, either of displacement or pressure, but for the moment 
we arc not directly concenied with this aspect of the matter. In 
the fust place, we shall regard the receiver as repre.sented by a 
inas.s corilrolled by a .spring and opposed by a certain resistance 
to mcjtion (darnj)ingK This system is .subjected to an alternating 
field of force 'I'he vibrations are. therefore represented by 

m ’x-\-rx cos f)l . . (1) 


The solution of this ecjuation and its physical significance have 
already been rliscusscd (sec p. 37, etc.). In evei 7 sound receiver, 
of whatever type, the, damping factor r in this equation is com¬ 
posite- In the simplest case, which we, shall now consider, it 
consists of two parts : (a) the external dampiin^ factor r^, which 
lepresents thf' loss of energy, from the vibrating clement of the 
receiver, to the medium, i.c. the damping due to re-radiation ; 
and {h) tlie infcrnnl damping factor r, . rc])rcsenling the energy 
absorbed by the receiver. If therefore we write 


r—r, -|~r, 


and 





~n“ and 
m 



(la) 


we find (as on pp. 37 and 39) that 

[ sin 


and 






( 2 ) 

(3) 


Now' the mean power E absorbed m internal damping is \r ,• x'^ 
♦bat is 




PTri 




(4) 


A small receiver absorbs energy from an area of the wave-front 
greater than the actual area exposed to the wave. As we have 
already shown, in the case if re.sonant receivers, this effective 
area Sj may exceed greatly the actual area S. In the present case, 
the energy passing per Eecond through unit area normal to the 
direction of propagation (/.<?. the intensity of the sound) is given 
1 

by 1= * — (see p. 54) where P is the pressure-amplitude. The 
9 Pc 
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1 P*S, 


Pc 


energy passing per second through an area Si is therefore ^ 

But this is the power absorbed by the resonator of effective area 
Si ; that is 


E=1 ~ Si whence Si=: 


Pc 


p2 


(54) 


or 


Si* 


( 56 ) 


__PcpTr. _ 

P2[(n2_^2)2.|.-4:2yj 

Resonant Receivers—Tf we write n—p in the above ex¬ 
pressions, we obtain the conditions for tuned receivers. Thus 
the power E absorbed by the resonator is from (4) 


^ ■ 2(r.Vr;)“ 


( 6 ) 


It will be observ'cd that this quantity E has a maximum value when 


r, ~zr, {—/ say) 


( 7 ) 


whence 



F2 

or 

p2S2 

4r 

1 

Similarly 

F 

or 

PS 

nr 

1 

and 

1’ 

or 

PS 

r 

{ 

I 

1 


( 8 ) 


where r the total damping—.2X (internal or external damping), 
and S is the actual area of the resonator. 

These results are very imj^ratant in the design of a good 
receiver. They indicate, for resonant receivers, tha*' the rate of 
absorption of energy is a maximum when two Ci nditions are 
fulfilled, viz. : — 


(a) when thr. internal damping r,- is or small as possible, and 
(h) when the external damping t, is equal to the internal 
damping r,—that is, when the energy absorbed is equal 
to the energy radiated^ 

These conclusions, expressed in (6), (7), and (8), may profitably 
be compared with the analogous electrical relations. 

It appears necessary, therefore, in the design of a resonant 
receiver to ensure first of all that the internal damping is reduced 
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to a ininimuni, and then to adjust the dimensions so that the 
damping condition (6) is satisfied. 

Effective Area of a Resonant Receiver —At lesonance the 
effective area Si of the receiver may be derived from equation {5b) 
by substitution of the values of / and k from equation (la) and 
writing n=:p, thus 


max—^ 


4PV 


or 


4/ 


(since F 


PS I 


( 9 ) 


where S is the actual area of the receiver. It has been shown by 
Rayleigh * that the radiation resistance of a small surface vibrating 
with unifonn amplitude and radiating in all directions is given by 

r.—ir/JcSV'^ * .... (10) 

Substituting this \alue for / we obtain 

. . . . ( 11 ) 

By a similar process, commencing at equation (4), we may show 
that a resonate.! with no internal damping (i, —0), i.c. one which 
re-radiates all ihe energy which it receives, obtains this energy 
from an effective area 


. . ( 12 ) 

a result to w'hich we have already referred (sec p 202). In any 
practical fonn of resonator some internal damping is inevitable, 
in which case the most cfTicieiit receiver possible has an ellectivc 
area given by eejuation (11). For cx.ample, it a resonator of 
frequency N--1000 pp-s. (corresponding to a wave-length 
X=:3.3 cm. in air) and .m actual area .S t)f 0‘6 cm.'**, the maximum 
effective area Sj would be >V'bT—-87 cm.^ and the disphu.cment- 
arnplification ja,to, Si/S~145. "I'lie volume, v of this resonator, 

calculated from N— ^ '''ecjiiation !3 jj 198j, would be 

33 c.c. Let us now return to consider the practical importance 
of equations (6), (7), and (8), which require the external damping 
to be equal to the internal damping and both to be as small as 
possible for maximum response. Suppose we require to detennine 
the best fonn and size of llelmhollz resonator for use at a par¬ 
ticular frequency N, which w^e riiav therefore regard as fixed. 
After choosing the type which has least internal damping, i.e, 
making as small as possible, we proceed to determine the best 

Sound. 2, p. I6.‘i, 
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area S of neck, varying the volume, of course, ijr accordance with S 
to ensure tiie same frequency. From equation (8) we see that 
the maximum amplitude in the neck is given by .v =F/wr or, 
since F is proportional to S and (from equalicui (10) ) r is pro¬ 
portional to S^A'niax inversely proportional to S. From this 
point of view, therefore, it is desirable to reduce the area of the 
neck, and con.seqncntly the volume of the resonator as much as 
possible. But the internal damping r,- . due to viscosity and 
eddies, increase.s rapidly as tlic size of the neck diminishes, so we 
require on this acrount as larfre a neck as jiossible. There is 
consequently a be<!t area of neck which, as we have shown, must be 
determined by the equality of external and internal damping- 
The exact value of this area can he calculated in a particular-case 
when the law of internal damping, vzhich give.s in terms of S, 
is known. 

Presence of a Detecto) -'[Im hriiigs us to a second point 
of importance. It is usually, lnit not alway.s, uere^-sary to introduce 
into the receiver some form of delertor, whieli itself absorbs 
energy and thereby iriereases the damping- In such a case, which 
represents by far tlic gmaler proportion of resonant receivers used 
in practice, the eneri>y cominned by the detector may be regarded as 
useful, whilst lliat lost in viscosity and eddies is w'asteful. Con¬ 
sequently we must write where r„is the useful damping 

in the detector attd r,^ is the wasteful damping. Equation (6) for 
a resonant rc^ceiver must ronsequently take the form 


E- 


_ F^^ _ 

2f r ^ “ 


(13) 


Differentiating this with respect to r,^ and equaling to zero, we 
obtain 

. . . ■ (14) 

as the conditum for maximum overall mechanical efficiency. The 
internal mechanical efficiency in this case is r^f{r„ -f-t' k;) i and the 
overall mechanical efficiency is fxJirx, r ♦ r,'i, which may reach 
a maximum value of 50 per cent, when r„=:(r,^-|-r, ). Returning 
again to the Helmholtz resonator illustration, when the particular 
form of detector has been chosen, for example, a hot-wire micro¬ 
phone, and its damping fu determined, the size of the neck should 
be such that the damping due to radiation r, and viscosity r 
should together be equal to that of the microphone. To take 
another illustration, the damping of a small resonant diaphragm 
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in water varies in proportion to the area, the amplitude being 
theoretically a maximum when the energy radiated is equal to the 
energy absorbed internally (friction and vibration of supports, etc.). 
If, in addition, some form of detector, such as a microphone or an 
electro-magnetic device, be attached to the diaphragm, the best size 
of diaphragm will be larger than before, in order that the radiation 
(and friction) damping may be increased to equality with the 
damping of the detector. In all cases it is desirable in the first 
instance to reduce the wasteful damping to a minimum. 

Untuned Receivers of Small Area—The effective area S„ 
of an untuned receiver is given by equation {5b)- Writing S, as 
the effective area of a tuned receiver, we have therefore 




which was obtained on p. 43, equation (15). This ratio falls to 
i when (n^— p '^—that is, when/j/n—l -t.k/n (approx.). 
In the case where k is small, only a very small departure from 
exact tuning of the receiver will result in a drop of 50 per cent, in 
the energy received- If the frequency-ratio departs seriously 
from unity the sensitiveness of the untuned receiver will be almost 
negligible compared with that which is tuned. 

The Receiver as an Obstacle to Sound Waves—A point of 
some importance which has hitherto been disregarded relates to 
the behaviour of the sound receiver as an obstacle which reflects 
or scatters the energy incident upon it. As we have seen on 
p. 312 the energy scattered from a small obstacle varies directly 
as the square of its volume and inversely as the fourth power of the 
length of the waves incident upon it. A small diaphragm tele¬ 
phone receiver, for instance, in air will reject a large proportion 
of the energy incident upon it, in spite of the fact that its diaphragm 
may be tuned. The effect on the sound field of the vibration of 
the solid surface of the diaphragm is relatively negligible (see also 
p. 461 on Sound Measurement). 

Receivers of Large Area—If the dimensions of the receiver 
are large, i.c. of the order of several wave-lengths, the effective 
area Si approximates to the actual area S. The pow'cr available 
in this case \s therefore 


E= 


1 ^ 
5 pc 



max ; 
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and at resonance, when vve find r— ptS, which is 

equal to the radiation resistance of a corresponding area S of the 
medium. In this case, therefore, the resonator may absorb the 
whole of the energy incident upon it. Unlike ihe small resonator, 
it does not draw energy from a relatively large surrounding area. 

Pressure and Displacement Receivers-—The energy in the 
sound wave may be detected in as many ways as there are changing 
physical characteristics in the sound wave ; particle displacement, 
velocity or acceleration, piessure and density variations, temiiera- 
ture changes, and so on. Of these, pressure and displacement 
variations are of most frequent application. Of necessity, a 
‘pressure’ receiver must also require a little displacement for its 
satisfactory ojjeration, ir there could be no absorption of energy 
(for energy absorbed is given by • Similarly a so-called 

displacement or velocity receiver also requires a small pressure 
variation. Neither a ‘pure’ pressure receiver nor a pure dis¬ 
placement receiver could therefore be efficient, for both would 
serve as total reflectors of the incident energ\'. On this basis, 
therefore, thev could have no practical value A pressure receiver 
absorbing no energy implies a completely sound-resistant body 
(analogous to an electrical insulator), whilst a displacement re¬ 
ceiver absorbing no energy would behave as a completely sound- 
conducting body (analogous to an electrical conductor of infinite 
conductivity in which no potential difference is })ossible). The 
distinction between pressure and displacement receivers is, how¬ 
ever, a useful one, and in some respects is analogous to that 
between volmeters and ammeters u.sed in electrical measure¬ 
ments. A voltmeter is essentially an electrical pressure-measuring 
device although it requires a small current, whilst an ammeter is 
primarily a current-measuring instrument requiring a small 
potential difference across its coils. The same energy’ and damping 
conditions which we have just been considering ply, hov/ever, 
to both types. Outstanding examples of these types are readily 
found. As a typical displacement receiver we may instance the 
Helmholtz resonator, fitted with a .sensitive device for detecting 
the motion of the air in the neck where the pressure-fluctuation 
is relatively small (but not zero). A good example of pressure 
receiver is the Langevin piezo-electric quartz disc, (sec p. 153) 
used for generating and receiving sounds of high frecpiency under 
water. The pressure-fluctuations at the surface of the receiver 
in the water compress the quartz slightly, and thereby produce 
corresponding fluctuations of electrical charge which can be 
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detected by suitable apparatus. I’his receiver depends eisentiaUy 
on pressure fluctuation, but the elastic displacement of the quartz 
cannot be disregarded. Various types of diaphragm receivers are 
generally classed as pressure receivers, although the displace¬ 
ment amplitude may be cinsiderable. If we employ the same 
receiver in air and in water it may serv'C as a pressure receiver 
i»i the former and a displacement receiver in the latter, because 
the acoustic resistance of the water is about 3500 times that of air. 
Similarly the srune receiver in a medium of high acoustic resistance 
will offer a resistance which varies with the frequency of the 
incident sound wave—a diaphragm, for example, changing from a 
displacement receiver to a pressure receiver as the frequency is 
decreased. In air, with its low acoustic resistance (pc—^iO), all 
receivers having solid surfaces (diaphrapfins, pie/o-electric crystals, 
etc.) may be regarded as pressure receivers, and the above considera¬ 
tions d(T )mt arise. In water, however, a medium of much higher 
acoustic resistance, a diaphragm may be regarded either as a 
prc.ssure or a displacement receiver acetuding to the frequency 
of the incident sound relative to that of the diaphragm. 

Mechanical Transformers. The Lever Principle —^Just as 
it is often necessary to tramsfonn electrical pov,er from high to low 
voltage, with corresponding current changes, so it is frequently 
necessary also to transfonn rnec;hanical power from high to low 
pressun? and i/ice verm. I'or example, in transforming sound 
energy from water to air, or conversdv, we are confronted with 
a serious difficulty, vi? that radiation damping factor (pro¬ 
portional /.c.S^) is, for a given area of vibrating surface, far 
greater in water than in air {/3f—40 for air, and 1 •5X Iff® for water). 
If, however, we can devise some, method of transfonnirig the 
relatively large pressure fluctuation (of small displacement 
amplitude) in water, to large displacement fluctuation (of small 
pressure amplitude) in air, the sound energy may become more 
readily availalfle. Examples of mechanical vibration trans¬ 
formers are to be found in the gramophone sound-box and in 
various types of sound measuring and ‘amplifying’ devices. For 
such purposes, particularly for use in underwater sound genera¬ 
tors and receivers, Hahnemann * has devised a mechanical lever 

- V 

of a novel type An ordinary lever, with loose pivots and links, 
would be useless as a means of tran.sniitting vibrations of even 

* W. Hahnemann and H. Hw,hr, Phys. Znt%., p. 187, 1920 ; and Inst. 
Radio. Eng., 11, p. 9, 1920. See alnn F, Aigner, UniarvmserscfuM- 
technik, p. 133 (Berlin, 1920). 
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moderate frequencies. In a vibrating system, sucli as a diaphragm 
or a tuning-fork, the ‘mass’ and tiic ‘spring’ of the vibrator 
are inseparable, an alteration of one necessitating an alteration of 
the other. The case is analogous to an inductance coil liaving 
self-capacity and consequently its own free period of oscillation. 
Hahnemann prefers to separate ‘mass' and ‘spring’ for tuning 
purposes, just as it is more convenient to sepatalo inductance and 
capacity in tuning an electrical circuit. The principle of Hahne¬ 
mann’s ‘lever’—the mechanical analogue of the eleciricai trans¬ 
former—-is illustrated in fig. 112 (a). I'wo rigid masses and jn-i 
arc connected by a spring of length / and strength o At resonant'e 
the system svill vibrate about its centre of gravity (), this point 
being undisplaced and functioning as a node at which the sy.steni 
may be supported. When the system vibrates longitudinally it is 
evident that mi and move in opjjosite diieclioris. so as to make 
mi-ti-l-'mai li-'-O, where ^ ^ and/^ ‘‘ff* accelerations of nii and ms 
respectively Xegltctin,*; ilu' dgn ol these acceleiaiions we find 


nil 

nis 


‘‘imilaih. 


mi 

m 2 


A’l 


n 


that is, the accehratiom, velorkiesj and displace mcul^ ari inversely 
proportional to the rapertive maws. The relative ainjtlitudes arc 
conseqTienlly 

fli ni2 
a-i nil 


h 

I 


where h and 4 arc the lengths 
the point C), tlie centre of 
gravity of the system The 
relative energies of the two 
masses rnv^) are also in¬ 
versely proportional to the 
masses. These are \ei) im¬ 
portant facts, applicable to all 
forms of resonant sound 
sources and receiver's. The 
frequency of vibration of the 
system is obviously that of 
the mass mi on a spiing of 
length li or the mass mo on a 


into which the sjtring is divided by 


4 / 


ft*} 






/n 


j—j 0 

!-^ 




j { (cf 

irii 
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spring of length /•.. Consequently 


N= 
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If one of the masses, nii say, is very great compared with the other, 

i s 

the frequency N becomes „ xj and ibe point O practically 

2jr ^ ma 

coincides wiiii //ii, so that li=l and i 2 = 0 , the motion of mi being 
extremely small. A practical attempt to construct sucii a system 
at lOUO p.p.s., lor example, soon shows the necessity of replacing 
the spiial spring of lig. 112 (a) by an arrangement in which the 
elastic element combines the smallest possible mass with the 
gratest elastic strength, c\g. a longitudinally strained rod or tube 
as shown in lig. 112 (6). A still diaphragm with a central load 
serves a similar purpose. In the case of the rod of elasticity E, 
area of cross-sc<'lion and length I, the frequency of the system 
becomes 


N~ 


1 

2ir 




1 

mi 



( 4 ) 


iw'gletting the nuiss of the rod. A correction for the latter is 
easily applied As we have seen, the system acts as a lever in 
amplifying or reducing the motion imparted to one of the masses. 
Similarly, at resonance, if a force Fj cos nt be applied to the mass 
mi we must have 


Fi cos nt~T\ i (since nij al resonance), and at mi 

have 


1'- fds ntzzzrjru, 


whence 


Fi 

F2 


X, 

' , Wi 


( 5 ) 


that is, the forces are also inversely proportional to the mmses- 
Again, if Ei and Eg are tJie respective kinetic energies of the 
masses, we have 


Eg mg -v 2 ^ 


fiom (5) 

mx 


( 6 ) 


Consequently if mi is much smaller than mg, Ei will be much 
greater than Eg—that is, the energy will reside principally in the 
smaller mass. The analogy with the ‘static lever’ is very close l 
a small effort exerted over a long distance producing a large force 
acting over a short distance, Th§ familiar terms ‘mechanical 
advantage,’ ‘velocity ratio’ and ‘mechanical efficiency, may, with 
circumsijection, be applied, therefore, to the vibratory as well as 
to the static lever. The above simple deductions have a very wide 
practical application in the design of sound sources and receivers. 
Almost all forms of vibrating system are reducible to this mechan- 
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ical lever or transformer. An elastic diaphragm mounted in a 
heavy ring vibrates with a large amplitude and small force, whereas 
the ring (of large mass mi) has a negligible amplitude, but may 
exert a considerable pressure. As we have just shown, the energy 
of the vibrating system resides principally in the smaller mass, i,e. in 
the diaphragm. A tuning-fork on a heavy base provides a similar 
illustration. In the above arrangement the ‘mechanical coupling^ 
between the two masses is perfect. Circumstances sometimes 
reqrire, however, that the coupling should be relatively ‘loose.’ 
This result can be achieved by means of a mass m 3 which is common 
to both mi and m 2 as in fig. 112(<r). Here mi and m 3 are the masses 
of one system, Si the connecting elastic clement, m 2 and m 3 the 
masses of the other system, and the elastic connection. The 
‘coupling coefficient’ k of the two systems is expressed by 

mimo ^ 

” (mi-f m 3 ) (m 2 +m. 3 ) 


analogous to the coupling coefficient M‘‘*/LiL 2 ot tvvo electrical 
circuits of mutual inductance M and self-inductances Li and L 2 - 
When m 3 is zero we arrive at the simple case considered above, 
A:^=l where the ‘coupling’ is ‘perfect’ If m 3 is very large com¬ 
pared with mi and m 2 the value of is very small and the 
coupling to be ‘loose.’ 

By means of the above principles of the mechanical trans¬ 
former and the electrical analogy it is possible to deal with 
somewhat complicated mechanical systems used in sound sig¬ 
nalling. Hahnemann has designed on these principles very 
efficient sound venerators and receivers for iise under water. 

Cj 


A diagram of his submarine 
electromagnetic transmitter (or 
receiver) with its accompanying 
mechanical ‘circuit diagram’ is 
shown in fig. 113(a). A steel dia¬ 
phragm on a heavy mounting V 



is actuated by a powerful electro- 

magnet, the armatures b and c of pro. 113 (a)—Sound Transmitter 
which are connected by clastic (Hahnemann) 

tubes or rods ffy the magnet alternately attracting and repelling 
b and c against the elastic-restoring forces of the tubes. As 
will be seen, there are two oscillating systems, one of which 
consists of the masses b and c with the spring ff, the other 
of the masses a and h with the spring ee. The coupling 
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coefficient is dctennined by the relation between the common 
mass b and the two others a and c. To obtain the best coupling 
coefficient and the other desired results it is also necessary to 
tune the separate systems and to have suitable damping in each 



Fio. iTj (fc) -Sound Transmittei (Hahnemann) 

of them m relation to the coupling empl(;yed, just as Is usually 
done in electrical ciicuils A good electromagnetic transmitter, 
designed on such principles, forms a satisfactory- receiver also, 
for the lever principle is reversible. A photograph of this trans¬ 
mitter is shown in fig. 113 (6). 

CONVERSION OF SOUND ENERGY INTO 
ELECTRICAL ENERGY 

I'he maj(irit) of sound recciveis in u.se at tire present day are of 
an elertiital nature. I’he reasmi is not far to seek, for electrical 
method.s c-fTcr a wide variety and licxibility in their application. 
By electrical methods sounds may be received in one place and 
reproduced or recorded in another. Electrical amplification offers 
a means for utilising .special forms of sound receiver which would 
otherwise be too insensilise to be of service. By electrical methods, 
also, the effects of two or ntorc receivers may be added vectorially, 
the necessary adjustments of phase being a comparatively simple 
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matter in the electrical circuits- The frequency and intensity of 
sounds of feeble intensity (or outside the range of audibility) may 
be determined conveniently by electrical methods. These are 
sufficient to indicate the many advantages of the conversion of 
sound energy into electrical energy. 

In many cases, with which we shall have to deal, an electrical 
sound generator is also used as a sound receiver. This reciprocal 
process is analogous to that in which an electrical machine may 
Ik! driven mechanically as a dynamo to generate electrical power, 
or conversely tlie machine may be supplied witli electrical power 
to drive it as a motor to jiioducc mechanical power. Many forms 
of electrical sound-a[)paratus may be regarded either (a) as a sound 
receiver, converting \ni>raloi-y mechanical motion into alternating 
electrical power (the dynamo principled or (if) as a sound generator, 
converting electrical power into mechanical vibratory power (the 
motor princi])le) .This analog-v betw een sound apparatus and 
electrical machinery is of more than superficial significance, the 
principles underlyiii" the one system beiiuv %-ery closely applicable 
in the other. 

Some write.i's * have g<>ue so far to classify sound receivers 
as—(a) those, whit'h convert the. energy of sound vibrations directly 
into electrical enert^y fon the dynamo principle), and (b) those in 
which the sound vibrations control the eleciriral energy indirectly. 
In the former class, the electrical energy which the receivers 
generate' bears a definite relation to the mechanical energy of 
vibration ; whilst in the latter, the amount of electrical energy 
‘released’ by the vibration may, at any tate in principle, be as 
large as desired. Outstanding c.xamples of these Iw^o types are 
(a) the electromagnetic or electrodynainic receiver (a simple 
telephone earpiece), and (b) the granular carbon microphone. 
Although this method of classification is ‘at fiist sight’ very 
attractive, there are border-line cases w'hich do not fal readily into 
either category. For example, certain forms of hot-wire micro- 
]jhone, the condenser mierophone, piezo-electric and magneto¬ 
striction receivers could be regaided equally well in class (a) or 
class (b). We shall, therefore, avoid such a definite classification 
in wliat follows, although tlicre is nothing better to offer. Other 
alteniatives which may be suggested classify receivers as resonant 
and non-resonant, displacement and pressure, atmospheric and 
subinarinc, directional and non-dircctional, and so on. Little is 

• S«je Geiger and Schciele, Ilandbuch der Physik, 8, ‘Akustik,* pp. 551 
and 553 ; article by H. Sell. 
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gained, however, by such classification, and there is grave dang^ 
of repetition. 

Electromagnetic Receivers—(Moving Iron Type.) The 
oldest, simplest, and most familiar of all electrical receivers is the 
electromagnetic telephone, invented in 1876 by Graham Bell. 
Numerous modifications are in existence, designed with the 
object of improving its efficiency or output, but the fundamental 
principle remains the same. In its most common form, * a thin 
diaphragm of magnetic material (steel or ferrotype) is clamped 
rigidly at the edge, whilst the central portion bridges across the 
pole pieces of a permanent magnet. The diaphragm is usually 
about 2 in. diameter and ’006 to '012 in. thick, and is situated with 
respect to the magnet poles so as to be just not pulled into contact. 
The pull on the diaphragm is approximately proportional to the 
square of the magnetic flux B from pole to pole through the 
diaphragm. Small increases or decreases of flux, due to changes 
of magnetic reluctance as the diaphragm approaches or recedes 
from the poles, produce corresponding changes of current in the 
coils wound on the tips of the magnet poles. The vibrations of 
the diaphragm on which sound waves are incident therefore 
induce corresponding variations of current in the windings. The 
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Fig. 114 —Brown Reed Telephone 

(Hv romti’sy of S G. Hi own & Co ) 


sensitiveness is proportional to the product BdB/rfH, where B is 
the magnetic flux passing through the diaphragm. Provided B 
is not too small and dees not approach too near the saturation 
value, where dB/dH is small, the sensitiveness may be fairly high. 
The vibrating diaphragm is in certain forms of receiver, notably 

♦ s«j Diciianary of Applied Physics, 2. p. 843. for description «f eon- 
■tiHGtion and theory of Electromagnetic Telephone Receivers, 
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one designed by S. G. Brown, * replaced by a clamped-free reed 
(see fig. 114). The latter is a strip of soft iron or mild steel clamped 
firmly at one end, whilst the free end lies across the gap in the 
magnetic field. The poles of the magnet are adjusted to approach 
the reed until a critical position is reached, beyond which the stifT- 
ness of the reed is suddenly overpowered by the attraction of the 
magnet. Attached to the reed by its apex is a light aluminium 
cone which serves to collect the sound energy incident on the 
receiver. In other forms of receiver an electromagnet is used to 
provide the steady magnetic flux, independent windings on the 
pole-tips being employed as before to carry the alternating current 
developed by the vibration of the diaphragm or the reed. The 
efficiency of such a receiver may be determined by making a series 
of measurements of its electrical (motional) impedance at various 
frequencies near resonance by the method f described on p. 73. 
Such measurements indicate the amount of electrical power con¬ 
sumed by the receiver, when used as a transmitter, at these 
frequencies. The difference between two series of observations 
with the diaphragm or reed, (a) free to vibrate and (b) clamped, 
give the amount of mechanical power consumed by the vibrating 
diaphragm. A convenient approximate view of the behaviour of 
the diaphragm is to regard it as equivalent to a tuned ‘L. G- 
circuit’ shunting a part of the telephone winding. X In air, only 
a small proportion of the power consumed by the diaphragm is 
radiated as sound, the energy losses due to insufficient clamping 
of the edges, internal, friction, etc., being usually very serious 
in comparison. The efficiency of an electromagnetic telephone 
receiver used in air rarely exceeds 1 per cent, at resonance. If, 
however, the receiver is used under water (the electromagnetic 
system being mounted on a suitable diaphragm enclosing a water¬ 
tight cavity), the efficiency may be greatly increased, on account of 
the incrca.sed radiation damping of the water being more nearly 
comparable with the internal electromagnetic damping of the 
receiver. Designed on the lines of Hahnemann’s electromagnetic 
transmitter, a receiver may reach a very high efficiency when used 
under water. 

Generally speaking, diaphragm receivers exhibit marked re¬ 
sonance at certain frequencies- When used to receive signals of 
a definite frequency such resonance is desirable, but when it 

• See Patent, Specification 29833/1910. 

t See, for example, E Mallelt, Journ, 62, p. 517, 1924. 

JSee W. H Ecdea, Handbook of WIT., p. 280. 
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is required that the sound shall be faithfully reproduced special 
care must be taken in the design to avoid resonance. In such 
cases it is usually the practice to arrange the diaphragm frequency 
to be very much higher or veiy much lower than the frequency- 
range it is desired to receive. Alternatively the diaphragm should 
be heavily damped, such damping unfortunately being wasteful. 
These methods of avoiding resonance necessitate a considerable 
loss of sensitiveness, Init the use of a iiun-seleetive valve-amplifier 
(e.g. resislance-eapacity type) will, to a large extent, compen¬ 
sate for such loss. I he theoi’v of electromagnetic receivers of the 
diaphragm type lor use in air has been developed by R. L. Wcgel. * 
On account of the lelalively high iron losses (hysteresis and eddy 
currents) in such receivers, it Is of course essential to laminate all 
iron sections which have to cany alternating flux- Hysteresis loss 
is proportional to frequency and eddy current loss to the square 
of the frequency, con.scquently it is necessaiy in a good receiver 
to use thin laminations of high resistivity iron (silicon-iron or 
stalloy). At frequencies much above 14,000 p-p.s. the losses 
become very' serious in .spite of such piecautions—it is fortunate 
that the ranges of speech and music lie mainly below this frequency. 
I’he action of all forms of elect rf'inagnctic receivers is reversible, 
sound being produced by the diaphragm when tlie coil is supplied 
with alternating current, and ciinent being generated when sound 
falls upon the diaphragm. 

Electrodynamic Receivers (Moving (loil rype). A conduct¬ 
ing wire or strip of length I carrying a current i in a magnetic field 
of strength H experitmees a force Hfi', tending to displace the wire 
at right angles to it.s length and to the direction of the field- Con¬ 
versely, if the wire is displaced in the magnetic held by the same 
force, a current i will be geric'ralcd In it These simple principles 
are fundamental to the design of electric motors and generators. 
The same principles apply to electtodynamic ‘sound motors and 
generators.’ If a coil of wire .mached to a vibrating system, such 
as a diaphragm, lies in a strong magnetic field, a vibration to and 
fro in the field will generate corresponding alternating e.m.f.’s 
in the coil ; or conversely, alternating currents in the coil will cause 
it to oscillate at the same frequency in the magnetic field and the 
diaphragm to which it is attached will generate sound waves. 
In the form shown in fig. 115 a coil having a large number of 
turns of fine wire is wound on a thin cylindrical former attached 
to the vibrating member (a diaphragm or a cone). The coil 


* Joimt. Amer. Inst, Elec, Eng,, 40, p. 791, 1921, 



MOVING COIL RECEIVERS 


427 


lies in a corresponding cylindrical gap (with radial field) of a ‘pot’ 
magnet. The more intense tlie field the greater the e.m.f. 
developed in tile coil and the greater the electromagnetic (useful) 
damping. The magnet may be either ‘electromagnetic’ or 
‘permanent’ {e.g. cobalt or ‘alnico’ steel). The stiff and light 
conical vibrator behaves as a ‘double source,’ emitting sound in 


Paper annulus • 



opposite phasf!: from two surfaces. Ccnisrcjuciitly one side 

is sciecned cithci by an enclosing box or by means of a large 
‘baffle.’ If the cone i large it will exhibit directional pro¬ 
perties which become more jJionounced at the higher fre¬ 
quencies when the ratio of diameter to wave-length becomes 
appreciable. 

The moving iron, moving coil, and siuh-likc electrical sound 
receivers with whii h \se are here concerned arc, in general, 
reversible in their action and may be used as sound reproducers. 
N. W. McLachlan * gives details of the design of numerous forms 
of loud-speakers such as the reed, inductor, and balanced armature 
moving iron types, the moving coil, cone and diaphragm types, 
the Blatthaller and Riffel large-area corrugated diaj.hragm and 
various condenser types. 

Perhaps the .simjjlcst type of eiectiodynamic receiver or generator 
is the vibrating strip receiver of Gerlach and Schottky,^ similar in 
principle to the Einthoven string galvanometer. A very thin 
strip (3^) of metal foil (aluminium or Al-alloy), a few millimetres 
wide, lies withoirt appreciable fension in a magnetic field parallel 
to the plane of the strip. When it is set in vibration by the 
incident sound waves, electrical currents are induced in it. The 

* Loud Speakers (Clarendon Press, Oxford). 
iPhys. ZeiiS., 25, pp. 612 and 675, 1924. 

29 
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magnetic field is so strong that the usefui (electromagnetic) 
damping may reach the optimum value, ie. equal to the radiation 
damping, when the receiver becomes very efficient. This device 
has been used by Gerlach * as a means of measuring absolute 
sound intensities (see p. 478). The forces on the strip due to 
the incident sound waves are determined by a ‘null’ method. 
The strip is brought to rest by means of a known auxiliary current, 
adjustable in magnitude and phase. This current sets up forces 
in the strip exactly equal and opposite to those due to the incident 
sound w'aves. The point of zero vibration is detected by an 
auxiliaiy device such as a stethoscope or a very small sensitive 
microphone. The forces on the strip due to the sound waves 
are then known in tenns of the dimensions of and current through 
the strip, and the strength of the magnetic field. It is important 
to observe that the method is applicable at any frequency whether 
at resonance or not, the sensitiveness rea'ching a maximum at 
resonance when small forces produce large displacements. 

’Induction Type —A novel and extremely efficient fonn of 
electrodynamic sound generator and receiver is the FesiCndeu 
oscillator f foi use in sound signalling under water. The apparatus 
(see fig. il6) consists essentially of an electrical transformer, the 
secondary of which is free to move in a very strong radial magnetic 
field of strength B. The primary winding is wound on the inner 
pole face of the electromagnet in close proximity to the secondary. 
The latter consists of a single turn of copper (a tube, in fact), 
which has a very low electrical resistance. The current i induced 
in it is consequently very great, and the force Bli is also very great 
(B= 15,000 ]ine.s/cm. ^ approx). The copper cylinder therefore 
experiences a large alternating force corresponding to the alter¬ 
nations of current. This alternating force is applied to, a steel 
diaphragm, in contact with the water, the amplitude of which 
at resonance becomes very large. As a transmitter this apparatus 
has a sound-output of several kilowatts at a high efficiency. 
When used as a receiver of signals of the same frequency the 
process is reversed. The vibrations of the diaphragm wdth the 
attached copper cylinder induce e.ra.f.’s in the latter which are 
‘stepped up’ in the coil on the pole face. This coil is connected 
through a valve amplifier circuit to a pair of telephones or an 
indicating device. A similar principle is involved in Hewlett’s 


• B^iss. Verofft. d. Siemens^Konzern, 3, 139, 1923 ; and 3, p. 67, 1924. 
t See Electrician, S9, p. 484, 1907 ; Elect. RevUw, 60, p. 369, 1907 ; 
also W. Meissner, Zeitt. f. Pkys., 3, p. Ill, 1920. 
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sound generator described on p. 169. In this case the diaphragm 
itself acts as a single-turn ‘winding’ of a transformer, inducing 
currents by its vibration, in adjacent ‘pancake’ coils. 

A great advantage of the electrodynamic receiver is the facility 
with which the mechanical and electrical quantities involved in its 



eneiting coil 

I'KJ. rif) --i'cbscndciv Oscilhitor 


design can be adjusted. Tiie frequency, si/e, and damping of the 
receiving surface (for example, a diaphragm) can be calculated, 
and the design of the electromagnetic system and its associated 
circuit adjusted 1o give the maximum sensitiviry. From the 
electrical point of view it ^ is superior to the electromagnetic 
(moving iron) type on account of the entire absen;e of troubles 
due to hysteresis and eddy current losses in iron. Care must be 
taken, of course, to ensure that eddy current losses in non-inagnetic 
conductors are reduced to a minimum. The coil carrying the 
high-frequency alternating current must therefore be kept at a 
distance from solid masses of vnetal ; or, as in the case of the 
Fessenden and Hewlett types of receiver, the vibrating element 
must form a closely coupled short-circuiting secondary to the 
primary winding, thus eliminating primary self-induction and 
eddy currents in neighbouring metallic masses {e.g. the iron of 
the electromagnet). Under such conditions it is possible to deal 
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efficiently with very high frequencies which would be entirely 
suppressed in an electromagnetic (moving iron) system. On this 
account a moving coil or strip receiver is more suitable for the 
faithful reproduction of speech sounds, which require an accurate 
rendering of the high-frequency components characterising indi¬ 
vidual speech. An electromagnetic receiver would become 
decreasingly efficient towards the higher frequencies, whereas 
the losses in the electrodynamic system remain practically the 
same up to the highest frequencies which it is required to receive 
(of the order 10,000 p.p.s.). 

Electrodynamic receivers may be divided into three classes accord¬ 
ing to the method ot control of the moving system. All such receivers 
are essentially ‘velocity rcctivers/ the e.m.f. developed in the mov¬ 
ing coil being proportional to the rate of cutting lines of force in 
the magnetic field—that is, proporiional to .<■ the velocity of the coil. 

Type {a). If the receiver is very heavily damped, so that the 
equation of motion can be written r.v~F tos pt at any frequency, 
then the velocity is given by 

F 

.V - ^ cos pt, 

that is, the e.m.f. generated, which is propoiiiotial to the velocity, 
is directly proportional to the force V cos pt applied to the. 
receiving surface, and is independent of the frequency. A heavily 
damped electro-dynamic system is therefore equally sensitive 
at all frequencies, but of low^ sejisitivity (since r is large in the 
expression for .v). Such a system is cotisequently of particular 
value for its faithfulness of reproduction. An electricai amplifier 
having a ‘flat’ characteristic may be used to compensate for the 
low sensitivity. 

Type (b). If the vibrating system n)ay be regarded as a ‘pure 
mass m’—that is, the frictional damping and the restoring force 
are both small and the system is of very low natural frequency, 
then the equation of motion is sufficiently represented by 

F 

mJr =F cos pt or v= sin pt. 

The electrodynamic receiver will in this case develop an e.m.f. 
inversely proportional to the fi^qilency of the incident sound. 

Type {c). Similarly, if the damping and the mass may be 
neglected, we have a very high-frequency system, in which 

pT 

sx=.Y cos ptf whence irsT";--sin 

•J 
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that is, the e.ra.f. in the moving coil is directly proportional to 
the frequency' of the incident sound. 

By suitable choice of the form of the receiving surface and the 
mechanical system it is therefore possible to arrange that the 
response of the electrical system is either dependent in a certain 
manner, or is entirely independent, of frequency. Such flexibility 
is the great asset of these receivers. The chief drawback is the 
relative insensiliveness (compared with other forms of receiver 
described later), but this may be easily overcome nowadays by 
the use of valve amplifiers. Here, again, the flexibility of the 
system may be extended to the design of the amplifier, which 
can be made to reinforce particular frequencies or frequency 
ranges, or to give a uniform amplification over a wide range. 
Electrodynamic receivers combined in this way with ampnfiers 
are invaluable in all kinds of metrical observations on sound. 

Piezo-Elcctric Receivers—The phenomena of j)iezo-elec- 
tricity and the application of piezo-electric crystals in the pro¬ 
duction of high-frequency sounds have already been considered 
(see pp. 146 et seq.). The alternating mechanical stresses set up 
in such a crystal (quartz or Rochelle salt, for example), when 
alternating e.m.f.’s are aj)plied to its faces, produce corresponding 
pressure fluctuations in the surrounding medium. Conversely, 
if alternating mechanical pressures are applied to the faces of 
the crystal, corresponding electrical fluctuations take place. As 
already stated (p. 152), the Langevin quartz ‘transmitter’ is also 
used as a receiver of sounds of the same frequency, viz. the echo of 
a transmitted beam, or signals from a similar transmitter in tune 
with it. As in the case of electrodynamic receivers, the ‘dynamo 
and motor’ principle is applicable to piezo-"electric receivers 
also, with the difference that the magnetic field is now absent. 
Rochelle salt, which is very sensitive in comparison with quartz, 
has been found by Nicholsv>n (.see p. 159) to n spend readily 
to mechanical vibrations, in proof of which he has used a 
crystal as a gramophone ‘pick-up.’ A great increase of effi¬ 
ciency was obtained by thorough desiccation, static compression, 
application of torque, and a suitable choice of poles and the 
method of growth. The best effects are obtained when the applied 
forces, due to the incident sound waves, twist the crystal about 
its principal axis. Russell and Cotton * have also used Rochelle salt 
crystals in a piezo-electric gramophone reproducer. They have 
used such crystals, attached to metal diaphragms, as receivers 


• Loc. cit. p. 159. 
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of sounds under water (piezo-dectric hydrophones). The sound 
waves falling on the diaphragm produce an alternating torque 
on the Rochelle salt crystal, the resulting electrical effects being 
amplified and detected in telephones. The crystal may be used 
directly—that is, without the intervening diaphragm, as a means 
of detecting sound waves. Brush ‘grille’ microphones, used 
extensively in broadcasting, are of the Rochelle salt crystal type 
and with value amplification give very faithful reproduction of 
the sounds of speech and music. 

Magnetostriction Receivers —Under ‘magnetostriction’ is 
classed a large group of magnetic phenomena * in which there 
are changes in dimensions accompanying magnetisation, and, con¬ 
versely, changes in magnetic properties accompanying mechanical 
stresses. As in the case of piezo-elcctricity there is a recip¬ 
rocal relation :t If a magnetic field increases the length of a 
ferro-magnetic rod, then a mechanical pull will increase its 
permeability beyond that of the unstretdied lod. The phenomena 
of magnetostriction in iron, nickel, cobalt, and manganese and 
their various alloys have received the attention of a large number 
of investigators. The effects are best demonstrated witlt a bar 
or wire of nickel magnetised by means of a solenoid caiiYing direct 
current on which is superposed an alteinaling current of the 
desired frequency. The alternating magnetisation produces cor¬ 
responding variations in length of the rod which emits a note 
of the same frequency. If this frequency coincides with the 
resonant frequency of the rod the vibrations may become very 
powerful. G. W. Pierce J has applied this principle to the pro¬ 
duction of sounds having a wide range of frequency, from audible 
to supersonic, depending on the dimension.s and mode of vibration 
of the magnetostrictive material. He has also made use of the 
converse principle in the design of sound receivers. Sound 
vibrations falling on a ‘piston-diaphragm’ a disc having 

uniform amplitude all over its surface) caused the latter to compress 
and stretch alternately a rod or a series of rods of nickel (or other 
suitable material), to which it is rigidly attached, A magnetising 
coil surrounding each nickel rod .serves to detect the variations 
of magnetisation due to the alternating stresses, the induced 


* A good summary and bibliography of magnetostriction phenomena 
is given by S. IL Williams, Journ. Opt. Soc. Amer., 14, 5, p. 383, 1927. 

See also numerous papers by Honda, Phil. Mag., 1902, nlc. 

t J. J. Thomson, Application of Dynamics to Physdes and Chemistry, 
p. 43, 1888. t Patent No, 283116, Magnetestrictive Devices, 
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currents being ’ detected, after amplification, by telephones or a 
measuring instrument. Pierce employs the ‘lever principle’ when 
the apparatus is used to generate or receive sounds in air. The 
rod or strip of nickel which produces large pressure fluctuations 
with small displacement forms part of a lever system, the com¬ 
plementary part of which vibrates witli a much larger displace¬ 
ment at reduced pres.sure. Laminated magnetostriction oscil¬ 
lators (used as sound transmitters and sound receivers) have been 
constructed for echo depth-sounding in tubular, annular, and 
rectangular-strip form with toroidal windings and clc»ed magnetic 
circuits. * These oscillators are very efficient for use under 
water. The magnetostrictive material found most generally 
suitable for the purpose of these under-water oscillators is annealed 
commercial nickel. This can easily be obtained in thin sheets, 
tubes, or stampings, has g»Kxl magnfetostriclive pnjperties and has 
a high resistance to corrosion in water. Further reference to these 
oscillators will be made later in Section V on Technical Applications. 

The Condenser Microphone—(Electrostatic.) The history 
of tliis type of microphone commences in 1863 with the discovery 
of the ‘speaking condenser’ by William Thomson. Pollard and 
Gamier used a polarised condenser as a telephone receiver in 
1874, tw'O years before the invention of the electromagnetic 
receiver by Bell. Numerous other individuals have experimented 
since that lime on the ]jroduction of a condenser transmitter and 
receiver of sounds, the most successful being E. G. Wente f and 
H. Riegger. } The singing of a condenser carrying alternating 
current of audible frequency is well known, the effect being due 
to the varying force of attraction between the plates as the current 
rises and falls. Conversely, if a charged condenser, connected 
to an external circuit, be subjected to vibratory mechanical 
stresses producing variation.s in the separation of its plates, then 
an alternating e.in.f. will be set up in the circuit due to the changing 
capacity of the charged condenser. Wente’s coidenser micro¬ 
phone shown in section in fig. 117 is based on thit, principle. It 
consists essentially of a steel diaphragm (0*002 in. thick) stretched 
nearly to its elastic limit on a massive steel ring. This diaphragm 
forms one plate of an electrical condenser, the other plate being 


* A. B. Wood, F. D. Smith, and J A. MrOeachy, ‘Magnetostriction 
Echo Depth Sounder,’ Inst. Elect. Eng. F., 76, p. 550. 1935. 

t Phys, Rev., 10, p. 39, 1917 ; 21, p. 450, 1918 ; 19, p. m, 1922. See 
also W. H. Martin.and H. Fletcher, Journ. Amer. I.E.E., 43, p. 230, 1924, 
t Wiss. Verofft. a. d. Siemens-Konzem, 3, 2, p. 67, 1924; and Elec. 
Techn. ZeitSk, p. 655, 1909. . 
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an insulated steel disc lying parallel to the diaphragrii and separated 
from it by an air gap of about 0*001 in. Thb condenser of capacity 
Co is connected in series with a battery of voltage E and a resistance 
R. When the diaphragm is sent in vibration by the incident sound 
waves the capacity of the condenser at any instant is given by 
C=rCn+Gi sin pt, and the voltage across the resistance R varies 



accordingly. W'ente siiows that the alternating voltage e across R 
(when this resistance is large compared with 1/Cop and Ci is small 
compared with 2 Co) is given by 


_ ECiR 


jin (pt+gs), 


a relation which indicates that the condenser microphone may be 
regarded as an allcinating current generator giving an open circuit 
e.m.f. (EGi/Co). sin (pi-|-'^) having an internal impedance 
1/Cop. The alternating e.m.f. is proportional to the applied direct 
voltage E, and in this respect the device may be regarded as a 
‘rniciophone.’ Its action is reversible, however, an applied 
alternating voltage producing mechanical vibration of the dia¬ 
phragm and emission of sound energy. In this respect it is more 
properly regarded in the same category as the electromagnetic and 
electrodynamic receivers. [It is important to note that a receiver 
of sound is often described, particularly in telephony, as a trans~ 
mitter (of alternating electrical power)—thus Wente’s condenser 
microphone, used as a receiver of sound, is described by some 
writers (including W^cnte) as the condenser transmitter. Through¬ 
out this book, however, a transmitter refers to a sound generator 
or source of sound.] The permissible voltage E w'hich may be 
applied to the condenser micropho^'ve is about 300 volts ; above 
this there is risk of breaking down the insulation, 0*001" of air, 
between the plates (the minimum value of the sparking potential 
in air is about 400 volts). The steel backing plate forming part 
of the condenser is grooved radially so as to give the diaphragm 
the desired natural frequency and damping. Provision is aiso 
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made for equalising the pressure inside and outside the micro¬ 
phone by means of a flexible rubber membrane, which serves also 
to exclude moisture. Wente determined the sensitivity of the 
microphone {a) at low frequencies by means of a small reciprocating 
piston device (‘pistonphone’) which applied measurable alternat¬ 
ing pressures to the diaphragm arranged to form one wall of a small 
air-enclosure, and {b) at high frequencies, by means of a thermo¬ 



phone method due lo Arnold and Crandall.* Fig. 118 is a 
curve for a particular microphone having a fairly constant sensi¬ 
tivity of 0'85 niillivolt/dyne over a range of frequency .from 500 
to 5000 p.p.s, Even outside this range, from 0 to 8000 p.p.s., the 
variation of sensitiveness is comparatively small. The natural 
frequency is over 10,000 p.p.s. and the damping constant 14,000 
approx. A better idea of the sensitiveness may be obtained from 
the fact that the male voice in ordinary conversation exerts a 
pressure of about 10 dynes/cm.^ at a distance of .8 cm. from the 
mouth of the speaker. With a three-stage amplifier, thermocouple 
and galvanometer, pressures as low as O'Ol dync/cm.^ may be 
measured, whilst it is pos.sible lo measure pressure., .barely per¬ 
ceptible to the ear if a pure tone from an electrical source is used 
and measurements are made with an alternating current potentio¬ 
meter. Combined with an amplifier of ordinary design the device 
has an overall sensitivity which is practically uniform from 25 
to 8000 p.p.s. It is therefore remarkably well adapted for the 
measurement of intensities of complex tones and for the dis¬ 
tortionless conversion of speech sounds into the corresponding 
eicctrical oscillations. For this reason it has been used in a large 
number of investigations relating to speech analysis and recording. 

• Phys, Rtv., 10, p. 22, 1917 
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D. A. Oliver* has designed a microphone of the Wente type in 
which the stretched steel diaphragm is almost flush with the case, 
thus removing the possibility of high-frequency resonance in the 
air cavity above the diaphragm (as in fig. 117). W. Westf 
and P. B. Flanders and others have made very small microphones 
of this type to minimise distortion of the sound field due to the 
presence of the microphone. 

As an alternative to condenser microphones having air as 
dielectric, H. Sell J has suggested using an clastic solid dielectric. 
This has the advantage that the capacity per unit area is consider¬ 
ably increased and the microphone can respond to a wide range of 
frequencies with a relatively flat characteristic. This type of 
transducer also opeiates conversely as a sound transmitter as well 
as a receiver of sound waves. E. Meyer § and his staff have 
developed the Sell principle, using thin metallised condenser paper 
and various plastics as the dielectric. This is stretched into close 
contact widi a stiff grooved metal backing plate, forming a con¬ 
denser of considerable capacity. It is sensitive over a wide range 
of freque.ncies and works well either as a receiver microphone or 
as a transmitter. The active surface of such a transducer can be 
either plane or spheiical and can have almost any desired area. 
By this means its directional properties can be controrlled at the 
operating frequency. These microphones can be calibrated by 
the piston phone at low frequencies and by the reciprocity method 
at audio and ultrasonic frequencies. They form useful sub¬ 
standards for sound measurement. These condenser microphones 
have imprortant applications for broadcasting and for the faithful 
recording of vibrations over a wade frequency-range. With certain 
voltage-limitations they may also be used as smind sources. 

The Carbon Microphone—Almost simultaneously with Bell’s 
invention of the electromagnetic telephone, Hughes (1878) 
discovered the action of the ‘microphone.’ || He found, what is 
now a very familiar observation, that a loose contact in a circuit 
containing a battery and a telephone may give rise to very loud 
sound in the telephone, due to vibrations of the loose contact. 
The sounds arise from the current fluctuations in tlie circuit as the 


• /, Sci. Insts., 7, p. 113, 1930. 

U E.E. 67, p. 1137, 1929. 
i Zeits. f. Techn. Phys., 18, 3, 1937. 

S Gottingen- 

j] The original microphone, a carben rod held loosely between a pair 
of carbon blocks, is now in the Science Museum, South Kensington. 
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resistance of the contact varies. The precise behaviour of carbon 
or metal surfaces held in contact by a light variable pressure has 
formed the subject of numerous researchesj but the information 
available is still of a general character only. R- Holm, * investi¬ 
gating the variation of resistance with pressure between spherical 
and plane surfaces of metal or carbon, has arrived at the conclusion 
that the actual area ol contact is made up of a large number of 
very small areas (almost ‘points’), the sum of which is usually far 
less than the theoretical area of contact detennined from the applied 
pressure and elasticity of the surfaces. For very small pressures 
the effective contact area remained almost constant, but as the 
pressure increased the number of contact prjints increased until 
at last the actual area approximated to the calculated area of con¬ 
tact. Such observations explain the general behaviour of a micro- 
phonic contact. Single-contact microphones are now rarely used, 
having been rep)laced by the very common form of telephone 
transmitter mien-phone. Tht* latter tonsists essentially of a 
diaphragm of metal or carbon covering a small cavity containing 
loosely packed carbon granules or ])cliets. riie pressure between 
the pellets is gravitational, and the curreni is led in and out through 
two carbon plates, one of which may be the receiving diaphragm. 
The small pi'cssure-variations produced in the microphone when 
sound waves excite the diaphragm produce changes of electrical 
resistance of the multiple contacts, which are indicated by current 
fluctuations when a batter-y and telephones are connected to the 
microphone. The process is essentially a relay action, since 
the alternating electrical ])o\\ef obtainable from the microphone 
circuit is drawn trom a battery, and may greatly exceed the 
mechanical power absorbed by the microphone. By increasing 
the battery power in the primary circuit of the microphone (using 
a transformer to separate the alternating from the direct current) 
the electrical power output for a given amplitude of vibration is 
also increased, lltc limit is set by heating and arcing at the carbon 
contacts, these effects resulting in loud hissing and ‘frying’ sounds 
heard in the telephone. This burning of the carbon contacts, once 
started, tends to grow^ more serious, with eventual failure of the 
microphone. Conniietrial forms of microphone are described in 
various textbooks on telephony, f Two of these types are shown 
in fig. 119. Type (a) is similar to those in general use in telephony. 
A carbon or metal diaphragm about 2 in. diameter serves to 


• Zeits. /. Techn. Phys., 3, pp. 290, 320. 349. 1922 ; 6, p. 166, 1935 ; and 
8f p. 141, 1927. Sec also F. S, Groiicher, Bell Syst. Tech. 13, p. 163, 
1934. t See Dictionary of Applied Phyacs, 2, p. 585. 
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receive the sound waves and to compress the carbon granuies by 
its vibrations. The diaphragm is suitably damped by means of 
flannel or cotton-wool washers, to avoid pronounced resonance 
effects which would tend to distort the voice of a speaker. The 
second type (h), the 'button’ microphone, is smaller (about 
I to f in. diameter) and is designed for attachment as required 



(a) 

fjo. 119 —Carbon Granule Microphones 

to a diaphragm or any other form of vibrator. Two parallel carbon 
discs are supported in a little brass capsule, one on a mica disc, the 
other soldered to the brass body. A soft felt ring surrounds the 
carbons and presses lightly on the mica disc. Two-thirds of the 
cavity thus fonned is tilled with carbon granules or pellets. Such 
a microphone, 5cre\v'ed on the vibrating surface, may be used 
either with its back fixed {^solid back ) or free (‘free back’ or 
‘inertia’). In the latter case the wire connection to it must be 
very light and flexible, exercising no appreciable restraint on the 
vibration of the microphone. Such microphones attached to 
diaphragms form very sensitive receivers of sound, but in spite of 
their great sensitivity they have many drawbacks. One trouble 
is known as ‘packing’, the carbon granules clinging together, due 
to moisture or wedging in the lower part of the cavity. In such 
cases the resistance falls to an abnormally low value and the 
microphone becomes insensitive. The ‘frying’ noises to which 
we have referred not only set a limit to the maximum current 
which the microphone can carry safely, but also to the use of valve 
amplifiers which magnify both the signals it is desired to receive 
and also the ‘parasitic’ noises. For general purposes, as in tele¬ 
phones or in submarine hydrophones, where accurate reproduc¬ 
tion is not essential, granular microphones are extremely useful 
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They undoubtedly introduce, distortion, however, (a) due to the 
free vibrations of the microphone itself, the mica disc with 
attached button forming a resonant system with only a moderate 
degree of damping, and (6) due to the ‘push’ and ‘pull* action of 
the vibrations producing unequal changes of resistance, e.g. a 
microphone of 100 ohms normal resistance cannot possibly vary 
more than this amount in one direction, but may exceed it many 
times in the other direction ; the curve connecting resistance and 
pressure (including tension) is not a straight line. The distortion 
due to (a) can be reduced by increased mechnical damping, 
whilst that due to (b) can be compensated by using a double 
‘push-and-puir microphone, equivalent to two microphones 
arranged in opjjosite ways on the same vibrating surface. 

Electro-'acoustic Effect in Electrolytes.—P. Debye * has 
predicted the existence of an alternating electric potential at a 
point in an electrolyte traversed by sound w'aves. For frequencies 
lower than 10” c.p.s. this potential is independent of frequency. 
In considering the application of ultrasonic waves to the study of 
electrolytic solutions Ti. Yeager and othcj-sf have verified Debye’s 
prediction experimentally in a stationary acoustical field. They 
show that the effect depends on the vekKrity-araplitude of the 
sound wave and is independent of the com entration of ihf I ’ctiro- 
lytc in the range 0’005 to 0*0005 molar for uni-univalem electro¬ 
lytes. Their results indicate, however, that the electric potential 
is somewhat less than that predicted by the theory. .\, N. 
Hunter $ has simplified Debye’s fi>nnuia for the electric potential 
jjiJf, and obtains for a binary salt with univalent ions, 

0'— 1-IX10 " "a(Mi—Mo) volts 

where a is the particle-velocity amplitude and Mi and M 2 are the 
gram ionic masses of the ions. He suggests that th * effective ion 
masses Mi and Mo should include also the mass ol any solvation 
sheath. The order of ^ should be about 1 micro-volt when a is 
1 cm./sec. (a sound intensity of about O'Ol watt/rm.®). Hunter 
suggests measuring the Debye effect using a pulse method, 
with G.R.O. presentation, to separate the acoustic effect from a 
possible electrical pick-up from the H.F. supply to the sound 
transmitter. 


* /. Ckem. Phys., 1, 13, 1933. 
t;. Chem. Phys., 17, 411, 1949. 
t Proc. phys. Soc. B., 163, 58, 1950. 
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Point Probe Microphones* * * § —It is often desirable to 
measure tlie sound intensity at a point in a liquid traversed by 
high frequency sound waves. When the wavelength is small 
the ‘point’ receiver (or transmitter) must also be small compared 
with the wavelength. At a frequency of 1 megacycle/sec. in water 
the wavelength is only 1*5 mm. A simple receiver suitable for 
the purpose is a thin wire, one end of which is cemented to a 
piezo-electric or rnagneto-sirictive element, whilst the free tip of 
the wire dips into the liquid at the point where the sound intensity 
is required. The sides of the wire must of course be screened 
from the liquid by a thin film of acoustically soft or very absorbent 
materia). * 

Thermal Receivers. Hot-Wire Microphones. Resonators— 

We have hitherto considered only the direct mechanical conversion 
of sound enei^ into electrical energy, using diaphragms or similar 
vibrators as intermediaries. A method of sound reception which 
has attained considerable importance makes use of the thermal 
effects prcxJuccd by an alternating current of air on an electrically 
heated wire or strip. In certain respects the method may be 
regarded as the converse of the therniophone principle (see 
p. 216), in which alternating electrical currents set up an 
alternating flow of air in the neighbourhood of a heated wire. 
The cooling effects prrxluced on an electrically heated w'ire in 
streams of air of different steady velocities have been studied by 
L. V. King, t A. E. Kenelly, J J. S. G. Thomas, § and others, 
‘hot wire anemometers’ having been devised on this principle. 
As a means of detecting and measuring alternating air-flow (as. 
in a sound -wave), the hot-wire principle has been developed 
mainly by W. S. Tucker and E. T. Paris. || 

The Tucker, hot-wire microphone was designed in the first 
instance for the detection of enemy guns during the wzu:, but 
latterly it has been modified so that it can be used for the detec¬ 
tion and measurement of continuous sounds. The instrument 
consists of an electrically heated ‘grid’ of fine platinum wire 
mounted in the neck of a Helmholtz resonator. The platinum 

• See J. Koppelmann, Acustica, 2, 92, 1952. 

t PhU. Trans., 214, p. 373, 1914. 

t Amer. PhU. Soc. Proc., 53, p. 55, 1914. 

§ PhU. Mag., 39, p. 518 ; anH Proc. Phys. Soc., 32, p, 291, 1920. 

Iirrona. Roy. Soc., 221, p. 389, 1921. See also R. S. MaWl, PhU, 
Mag., 6, p. 945, Nov. 1928 ; and E. T. Paris, Proc. Phys, Soe., 43* 
p. 72, 1931. 
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grid is held in a small rod of glass enamel mounted on a mica 
disc, the latter having a pair of annular silver electrodes attached 
to its faces (see fig. 120). The grids are made in the first place 
of Wollaston wire, the silver coating being removed by means 
of nitric acid after the wire has been mounted in position. The 
wire, about O’OOOfi cm. diameter, carries a maximum current of 
about 30 milli-amperes. The average resistance of the grid at 
10® C. is about 140 ohms, and about 350 ohms when carrying 
a safe working current of 25 to 28 niilli-amperes, which heats the 
grid to just below a red heat. The natural frequency of the 
resonator, of course, dejjends on the volume v of the container and 

c }k 

the form of the neck, (sec p. 198). With a neck 2*2 

cm. long, 0*75 cm. internal diameter, a volume of 290 c.c. 
gives the resonator a frequency of 116 p.p.s., \vhilst a volume of 
68 c.c. gives it a frequency 
of 240 p.p.s. For frccpieu- 
cies below 200 p.p.s., brass 
tubing 2 to 2|^ in. diameter 
is used, whilst at higher 
frequencies tubing about 1 
in. diameter is the most 
suitable. It was found that 
the material from which the 
resonator was made, and 
the thickness and rigidity 
of the walls have a marked 
effect on its resonating pro¬ 
perties. For experimental 
purposes it is often desir¬ 
able to use a microphone 
whose natural frequency 
can be varied continuously. 

This is easily arranged by 
fitting a plunger inside the 

brass container, or by mak- — Hot-Wire Microphone (Tucker) 

ing the container in two 

tubular parts, one sliding over the other. Another method of 
tuning is to alter the length of the neck, but on account of the 
effects of draughts on the hot grid it is inadvisable to make the 
neck shorter than I cm. When the air in the neck is set in 
vibration by a sound of suitable frequency, the hot grid is cooled 
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and a change in resistance, which may be regarded as partly 
oscillatory and partly steady takes place. There are thus two 
ways of using the microphone : 

(a) The Amplifier Method —The oscillatory effect is intro¬ 
duced into a low-frequency value-amplifier circuit, and the output 
current passed through telephones or a tuned vibration galvano¬ 
meter. With a suitably designed amplifier the magnitude of the 
output current may be used to estimate the amplitude of a sound. 

(b) Wheatstone’s Bridge Method—T\i\% is preferable to method 
(a) on account of its greater simplicity and freedom from variations 
of sensitivity. The hot-wire grid forms one arm of a balanced 
bridge circuit, the bridge current being adjusted to give the 
requisite heating current through the grid (360 ohms when hot). 
In most cases it is sufficient to lake the deflection of the galvano- 
tneter as a measure of the intensity of the sound affecting the 
microphone ; but other methods may. of course, be used, such as 
measuring the increase of current required to bring the grid back 
to- its initial resistance or determining the change of resistance 
when the current is maintained constant. It is found that the 
change of resistance 8 R produced by a sound varies with the total 
resistance R of the hot grid, so that 8R-.r=0-2(R~Ro), Ro being 
the cold resistance of the grid. Therefore by varying R, or what 
IS the same thing by varying the heating current, the sensitivity 
of the grid can be varied in a perfectly definite manner. The 
quantity SR/R for a sound of ‘standard’ intensity might therefore 
Ije used to define the sensitivity of the grid. The calibration of 
the grid is carried out in steady air streams of known velocity, 
and in both -fye and —ve directions. It is found that the change 
of resistance 8R in a steady stream of velocity U is expressed by 
the relation 

SR~8Ro+fl(U-Vo)2-f6(U-Vo)*+ . . . etc., 

where 8Ro is the maximum increase in resistance occurring when 
U—Vo, the current U being taken as -\-ve when flowing into 
the resonator. Applying these observations to alternating air- 
currents of small amplitude, the resultant effect is found to consist 
of three parts ; (1) a steady drop in resistance 6Ri es U® ; (2) 2t 
periodic change of resistance 8Ra « U sin pt; and (3) a periodic 
change 8Ka« cos 2pL The third effect is found to be quite 
negligible, the note of double frequency 2p being utterly obscured 
by the fundamental p in {2). It will be seen, therefore, (a) that 
the steady drop in resistance, proportional to U^, is a meastke of 
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sound intensity, and (b) the alternating effect in (2), proportional 
to U, is a measure of amplitude. The fonner of these quantities 
is measured directly on the Wheatstone’s bridge, and the latter 
by the amplifier method. Introducing the appropriate constants 
in 8Ri and SR 2 from the ‘direct flow’ calibration, the absolute 
value of U can be determined. It should be noted that this value 
of U is the particle-velocity in the neck of the resonator, not in the 
undisturbed sound field. Tucker and Paris checked these deduc¬ 
tions by measuring the sound intensity, by the Wheatstones’ bridge 
method, at different distaiKe«! from an electrically maintained 
tuning-fork in the open air. It wa.s found that the relation 
between the vibration galvanometer deflection S and the dis¬ 
tance r wasSac 1/r^, indicating that the deflection is proportional to 
the sound intensity. The instrument has a wide application • in 
comparative measurements of sound intensity and distribution of 
sound—Tucker and Paris refer to us use, tor exatnitie, in deter¬ 
mining the magnifying and tlirectional propeilies of trumpets, 
the diffraction effects with a large circular disc (see p. 342), etc. 
In addition to its use in metrical work, the mifiojihrme serves 
as a sensitive tuned detector of signals at long langcs whilst re¬ 
maining relatively insensitive to neighbouring sounds of other 
frequencies. In this respect it is much suptaior to the granular 
carbon microphone, for example, file damping of the micro- 
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Fiq, 121 a —‘ Resonance Curve ' of 
Hot-Wire Microphone—Single 
Resonator 



Flc. 121 B--Resonance Curve with 
Double Resonator 


phone is fairly small, in a particular case of frequency 240 p.p.s., 
shown in fig. 121a, the response fell to 0-1 of its maximum 
value by detuning 7 per cent.— Le. the ratio ± 0*07. The 

magnitude of the response depends, of course, on the degree of 

30 
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damping, and therefore to obtain great sensitivity and Uelectivil'/ 
the damping must be small. For some purposes, however, sharp 
resonance may be a disadvantage, as for example, when the 
source of sound is liable to small variations of pitch, or when 
allowance must be made for the Doppler effect—^whilst at the 
same time it may be desired to retain a high degree of sensitivity, 
'fo meet such loquiremctrls a modified Boys’ Double Resonator 
(see p. 201) has been used.* This may consist of two parts, 
(i) a resonator of the ‘stopjx*d pipe’ variety, and (ii) a resonator 
of the Helrnholiz pattern. Tlicsc arc combined by inserting 
the neck of the latter into a small hole in the slojrped end of 
the pipe. Svi< h an arrangement has two resonant tones, which 
are separated by a frequency-interval depending on the relative 
dimensions of the various parts of tire tompound resonator. The 
theory of the method is given by Rayleigh and Iras been extended 
in various papers by E F. Paris, f who a!sf> deals with combina¬ 
tions of twt> or more resonators arranged in various ways, f 
In the simple case with which we aix; now dealing, the resonator 
shows the usual charactenstics of a coupled system having two 
resultant umes, given by 


where r?,. and rii are the ‘independent’ frequencies of the pijre 
and die resonator respectively , K its the ‘condrrctance’ of the 
neck of the resonator, and c is the velocity of sound in air. 
The possible values of are best obtained by a graphical solution 
of this equation. Paris has found that the resonant frequencies and 
forms of the resonance curves art* in agreement with calculation, 
'fhe hot-wire grid is placed in the neck connecting the two resonant 
cavitif^s, where the motion of the air is greatly increa.sed (see p. 201). 
Tucker and Paris have used the doubly resonated hot-wire micro¬ 
phone as a means of measuring the strengths of very weak sound- 
signals at long distances from sirens mounted on light-vessels and 
lighthouses. "J be best condition of tuning from a practical stand¬ 
point was found to be that in which two resonance peaks of equal 
magnitude are obtained with a relatively snrali dip between theur 
(see fig. ]21ri). In the rnid.st of disturbing sounds this instru¬ 
ment has been used to pick up, at long distances, signals which 

* See C. V. Boys, Nature, 4,2, p. 604, 1890 ; Rayleigh, Sound, 2, 
p. 45 ; and E, T. Paris, Free. Hoy. Soc., 101, p. 391, 1922 ; Phil. Mag,, 
4rf, p. 769, 1924, and 2, p. 751, 1926, f Loc. cit. 
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are quite inaudible. * When used out in the open or on board 
ships the aperture of the resonator is protected from disturbing 
draughts by a ‘loofah’ screen. As might be anticipated, a ihennal 
microphone of this nature lias a certain lag determined by the 
heat capacity of the wire. Consequently it becomes increasingly 
sensitive towards the lower frequencies. In fact, the hot-wire 
microphone was first euqiloyccl to detect ‘infra-sound’—that is, 
the very low-frequency sound emitted from the mouth of a gun 
{onde de bouciic), the llclmhoitz resonator m such a case having 
a large volume (10 to 20 iilic.^j. L'sing this type of microphone, 
vibrations of the order oi 1 p.p.s. lioni a Luge explosion in Holland 
were recorded at WixiKvic b (262 miles away). I'lie ellect ol such 
low-frequency ‘sounds’ may be simulated by the <ipening and 
closing of a dixir. The ujijier limit ol useiulness of the micro¬ 
phone is readied at a fieijucnc)' near 500 or 1000 pp.s., when the 
thermal lag becomes nioxc .seiious. 

As wc have stated above, the ellective aiea of a. resonant reccivei 
which re-radiates the ^\}l(■.k cl its eneigy to tlic metlium is equtd 
to X'Jtt, u'iu'ix; A is the wave-length t-f the incident sound. In 
the most efficient receiver v^]liell utilises 50 per c.cnt. of the total 
energy, the efrcctive area is X 'Tliis implies that the cnergv' 

density in the neck of a small resontilCfr is greater than that in 
the undisturbed field, in die ratio /\”/n-S or X"/\TrS respectively, 
where S is the actual area of tlic orilice. Since the driving force 
S/i is not amplified by the resonator, these ratios also represent 
the volocily oi displacement amplification co( fficients. The radiation 
resistance of an area S in the nn(li‘'tmbed plane wave is equal to 
pcS (see jrp. 55 and '1M), the radiation resistance K of the orifice 
(diameter small compared with A ) is /)cSX^S/\^—that is 

li-”'.T/'cS'7X- =/’7 T*^i“ 7 1.7C 1 u li“re A“-2jrc/?(), 

which is much less than that of the same area S of wav^e-front; 
The pressure variation therefore iirodiu'cs a much larger velocity 
amplitude in the neck of the resonator than in tire mediurn.f 
The expnxssion for R must be multiplied by 4 if half the energy 
of the resonator is absorbed in a detecting device, e.g. the hot¬ 
wire rrricrophont. 

A. V. HippelJ has examined, theoretically and experimentally, 
the possibilities of using thennal metherds for the faithful coirver- 

* Sefr W. S, Tucker, Roy. Soc._ Arts Joum., 71, p. 121, 1923. 

t See I. B. Ctantlarl, Sound, etc., p. 17,'). 

i Ann. der Physik, 75, p. 521, 1924 ; iiod 76, p, 590, 1925. 
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sion of mechanical vibrations into alleiuating electrical currents. 
In the first place he has determined the ‘node efTect’—that is, the 
direct heating effect in a thin wire due to pressure Ructualions in 
the surrounding medium.* A w-ire of platinum 5 ft thick placed 
at a point in air where the pressure amplitude is 10“* atmosphere 
(about 100 dyries/cm.“) at a frequency of 100 p.p.s. will have 
a temperature-arnjjlitude 3*5X10® degree C. The effect is 
therefore too small (o have any practical significance. He also 
deals with the velocity (or antinode / effect in ccxrling a heated 
wire, and shows that a convection current of air flowing past a hot 
wire is neccssar)' if the coding-frequency is to be the .same as the 
sound-freciuency—the analogy being tliat of the permanent magnet 
in an electroniagnclic teleplione—otherwise the frequency would 
be doubled. 

Underwater Receivers. Hydrophonesf —Lhe detection of 
sounds under water presents analogous problems to those already 
considered in the case of air. The frenctal prindplcs to be observed 
in the desigtr of efficient underwater receivers are the same as in 
air, but the methods of applying these jrrinciplcs may be markedly 
different. The difference arises prineijraily from ihe fact that the 
acoustic resistance pc\ of water is of tiic rjtder I'SXIO"’, whilst 
that of air is only 40, the ratio of these (juantilie.s water/air being 
3750; 1. Now it has been .shown, p. 54. that the intensity I in 
a sound y/ave is expressed by 

T 

-, whence « v Pc 

2 Pc 

for sounds of the same intensity in diilerent media. Consequently 
the relative pressure amplitudes fur wavi's of the same intensity 
and frccjLicncy in v/aler and air would be 61: 1 approximately. 
Similarly the expression for intensity I may be writleir in terms of 
■velocity or displacement-amplitude a: sinre (see p. 55) 

we have 

l = .ipc?i“a^, whence a®- 

for sounds of the same intensity and frequency in differont media. 

.Si'P also Friese and Waetzmann, Ann. dvr Physik. 76, ;19. 1925. 
t See C. V. Urysfdale, Journ. I.E.E., 58, p. .57.5 1920 ; and Mechanical 
Properties of Fluids, p. 290; also F. Aigner, Uni>^rtvasse,isch(dltechmk, 
pp. 202-238 ; W. H. Bragg, World of Sound, p. 169 ; and Enainceri/ig. 107, 
p. 776, 1919 ; Nature, July 1919 ; F. L. llop'wood. Nature, Aug. 1919 ; 
H. C. Hayes, Amer. Phil. Soc. Proc., 59, 1, pp. 1 and 371. 1920 ; and 
A. Troller, Jm Nature, 49, p. 4, 1921. 
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The relative displacement amplitudes for sounds of the same 
intensity and frequency in water and in air is therefore 1 : 61. It 
is not surprising to learn, therefore, that the most sensitive sound 
receivers in air are ‘displacement’ receivers (Helmholtz resonator 
type), whereas in water they are ‘pressure’ receivers. Of course, 
it is sometimes advantageous, when sensitiveness is not of primary 
importance, to use pressure receivers in air and displacement 
receivers in water, I'he majority of subaqueous receivers are, 
however, of the pressure type (see, however, p. 417). 

One of the earliest fonns of underwater receiver consists simply 
of a thin membrane stretched tightly across the end of a tube, the 
lower end of which dips under the water, whilst the upper end 
leads to the observer’s ear. Such a device was used, for example, 
by Golladon and Sturm in Lake Geneva to receive the sound of a 
bell struck under water. 4’his simple device has been elaborated 
in various ways, r.g. in the Broca tube, which consists of a small 
metal capsule (like an aneroid barometer) fixed to the tube. A 
similar, but less re.sonant. rccci\'er of this nature employs a thick- 
walled rubber bulb or tube to replace the diaphragm. This 
modification, in addition to icproducing sounds more faithfully, 
possesses the advantage of more efficient transmission of the vibra¬ 
tions from water to air; this latter improvement being ascribed to 
the fact that the radiation resistance of rubber is intermediate 
between that of water and air (see p. 1107). Such simple receivers, 
although fairly efTective, are neither very sensitive nor very con¬ 
venient to use. No provision is made for amplifying the sound, 
and the loss of intensity and change of quality in transmission 
through long and winding pipe-lines is very serious. At the 
present time, therefore, practically all underwater sound-receivers, 
or hydrophones a.s they are called, arc of an electrical character. 
They consist usually of microphonic, electromagnetic, or electro¬ 
dynamic detectors attached in various ways to diaphragms in con¬ 
tact with the water. Microphones are frequently used on account 
of their great simplicity and sensitivity, but with the development 
of valve-amplifiers electromagnetic and electrodynamic detectors 
are in many circumstances preferable. The simplest and most 
common form of hydrophone is shown in fig. 122. It consists of 
a massive lenticular metal disc on which is rigidly clamped a metal 
diaphragm with a carbon ‘button’ microphone screwed on a small 
boss at the centre. A cable passing through a watertight gland con¬ 
nects the microphone to a battery, transformer, and telephones at 
the listening-post. The frequency and damping of the diaphragm 
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may be calculated in the manner indicated on p. 167. The 
loading effect of the water is an important consideration in under¬ 
water diaphragm receivers. This load is equivalent to a mass of 
water s])read uniformly over, and moving with, the diaphragm 
of radius > (or it may be regarded alternatively as a mass of one- 

fifih this amount ‘attached’ 
to the centre). The vibrating 
mass in a receiver of appreci¬ 
able diameter may therefore 
be. faiily large. C’onsequontly, 
in accordance with the lever 
prijiciple (seep. 418), it i.s im¬ 
portant that the mass of the 
metal ring on which the dia¬ 
phragm is mounted should be 
many times greater tlian the 
effective mass of the dia¬ 
phragm. Otherwise an ap- 
iable ])roportion of the 
energy of vibration of the whole system would reside in the 
mounting. It is important also that the diaphragm should be 
fiddly attached to the mounting, otherwise* excessive vibration of 
the edge of the diaphragm will lie set uj) and eneigy will be lost 
in local flow and in fri».tiona! damping. In the case of electro¬ 
magnetic receivers the damping due t() radiation and friction lossc.s 
must be made approximately e(|ual to the useful damping. This 
can be dfine, of course, with mieropjujne dctectois, but it is not 
usually so iinjiortanl in this case. .A rough idea of the sensitiv'O- 
ness of an ordinary hydrophone (granular microphone type.) may 
be obtained from the ob.servation that the sound of a I'essenden 
oscillator femiiling 2 H IA at 500 p.p s.) is readily detected, w'ithout 
amplification, at 20 or 30 miles distance in the sea. It is of 
interest to compare this with the case of a siren of 200 II.P. used 
to transmit signals in air, the limiting range with the most sensitive 
detector available being in the neighbourhood of 10 miles. In air, 
as we have seen, the efficiency of power-sources of sound is very 
low and the attenuation in transmission is very great, whereas 
underwater sound sources are very efficient and attenuation losses 
are not so serious as in the atmosphere. 

For signalling purposes, the diaphragm and microphone of a 
receiver may both be tuned to the frequency of the signals, the 
resonant properties of a diaphragm being in such cases advan- 
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tageous. If, however, it is desired to use a hydrophone as a means 
of detecting and recogniiing complex sounds under water, such as 
the propeller noise of a submarine, it is better to use a non-resonant 
receiver. For this purpose, hydrophe^nes liave been constructed 
of thick rubber to which a microphone with a lubber diaphragm 
(to replace the mica) is attached. With a heavily damped micro¬ 
phone of this nature the noise of a ship is more characteristic. 
Even with a resonant diajrliragm hydrophone it is easily possible 
to distinguish between the leciprocatirig ‘beat’ of a trawler and 
the turbine ‘lush’ of a cniiser. Hydrophones carried by ships 
are of various kinds: {a) the portable tyi>e (used chiefly on small 
vesstds, drifters, etc.), whUh is slung outboaid when recpiired; 
(b) inboard type built flush with the hull, the diaphragm Vjeirig in 
direct contact with the water ; (c) inboard type, in which the 
receiver hangs in a water-filled tank inside the hull--the sound 
rcarhing the ivceiver after penetrating the hull and the water 
in the tank; (d) towed hydrophones in wliich micro]jhoncs are 
enclosed in rigid oi flexible streamline bodies towed astern of the 
ship. 

The principal troiible, (ommon to all typi-s of mu' rojjhonic 
hydrophones, is that due to 'water-noise'- the movement of the 
ship through the water, breaking waves, eddies and bubbles 
carried down from (lie bows, etc., all ('('ntrilmting towards the 
general n()isine«;.s of the iriicrophone. the 'jramilos of which are 
particularly sensitive to any ff.'mi of sluxk excitation- Conse¬ 
quently electrodynamic and elev tromagnetic rcteivt-rs (magneto¬ 
phones) are now mom generally used, thcii lack of sensitiveness 
being compensated by means of valve amplifieis. Fi\<'d hydio- 
phones, rn«5utited on ttl|KKls lesliug on the sea-bed. are relatively 
free from disturbing noises, and an; used as sentry hydrophones 
in particular localities, or on suixcyed base-lines for soimd- 
r^nging purposes (st'e p. 530), Jn inndcnr underv'ater signalling 
apparatus the sound generator, as we have .seen, oficn ,sei-vcs as a 
receiver also. Examples of this are to be found in thcr Fes.senden 
and Signalgelleschaft transmitters, and the Langevin piezo¬ 
electric high-ficqucncy transmitter. We shall refer to other more 
important types of hydrophone in dealing with directional recep¬ 
tion of sound. 

DIRECTIONAL RECEPTION OF SOUND 

The problem of directional reception is analogous in most 
respects to that of directional transmission. In the latter case we 
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are concerned, however, mainly with questions of energy, the range 
obtainable with an approximately parallel beam being obviously 
greater than with a spherically divergent beam. In signalling, 
also, questions of secrecy may be involved. As regards reception, 
it is of little advantage in many cases to have an extremely sensitive 
receiver if it gives no indication of the direction of the source from 
which the sound emanates. Tlic question of directional reception 
is, therefore, at least as important as that of sensitiveness. The 
receivers to which we have hitherto referred may be regarded as 
non-directional, the sensitivity being the same in all orientations. 
As in the case of transmitters, directional properties may be 
obtained by the use of surfaces of large dimensions, compared with 
a wave-length of the incident sound, e.g. the use of reflectors, 
trumpets, etc., with a small receiver at the focus, or by means of a 
large sensitive disc such as the quartz plate in a Langevin piezo¬ 
electric receiver. Alternatively wc may obtain directional effects 
by means of two or more lecciveis suitably arranged as in the case 
of mifltiple sources of sound- The principles involved in such 
methods of directional reception are essentially the same as in 
directional transmission described on p. 231, etc. In what follows 
we shall therefore refer only to special types of receivers, most of 
which may be classified in the manner just indicated. 

Binaural Methods —The perception of direction by means of 
a pair of ears has already been considered on p. 396. The prin¬ 
ciples involved in this binaural (two-ear) niethcxl have been widely 
extended for sound reception both in air and in water. The 
binaural effect, according to Rayleigh’s view, is dependent on the 
phase difference of arrival of the sound wave at the two ears; but 
there can be little doubt that other factors, such as intensity differ¬ 
ences, must also be invoked in order to explain all the relevant 
facts. The phase-difference theory, however, provides a useful 
basis and has at any rate been fruitful in its application to ‘artificial’ 
binaural reception. For example, if it is desiTed to locate a dis¬ 
tant aeroplane at night when the unaided cars can only form a very 
rough estimate of its direction, a pair of large receiving trumpets 
mounted so as to rotate in azimuth and elevation may be used. In 
the first place, the amount of sound energy reaching the ears is 
increased by means of the trumpet-collectors; and. secondly, the 
directional accuracy is increased by increasing the distance ajraft 
of the trumpets. Assuming the axes of the trumpets to be in the 
same plane as the source of sound, rotation of the platform support¬ 
ing the trumpets will vary the path difference of the sound reacH**. 
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ing the two ears (one connected to each trumpet). As this path 
difference will decrease on one side and increase on the other, the 
impression received will be that of the sound crossing over from 
one ear to the other. At the exact point where the ‘cross over’ 
occurs, i.e. of ‘binaural balance* the common axis of the trumpets 
will be directed towards the source of sound. The accuracy 
obtainable in air is of the order of ± 2 or 3 degrees under good 
listening conditions. Erroi-s are likely to arise from the motion 
of the sound source, and due to temperature and wind refraction. 
In practice, the necessary corrections for such effects are tabulated. 
Actually four trumpet receivers were mounted on a common 
platform, one pair in azimuth and the other pair in elevation (about 
12 ft. apart). The former had an observer who operated the 
control (for all the receivers) in azimuth, whilst a second observer, 
listening on the other pair, made the elevation adjustment. A 
general description of American, French, German, and British 
anny binaural sound-locators for finding the direction of aircraft 
is given by E. T. Paris* and by W. S. Tucker.f 

The same principle has been developed, mainly in America, 
for the directional location of sources of sound under water, more 
particularly in the location of submarines.^ In this case it is 
necessary to increase the separation of the receivers to obtain the 
same directional accuracy, for the velocity of sound in the sea is 
about 4i times that in air, the phase differences being reduced 
in corresponding proportion. In order to avoid the practical 
difficulties of rotating a long arm carrying the receivers under 
water, the principle has beeri slightly modified. 

Binaural Compensator —Instead of rotating the line of re¬ 
ceivers in order to determine the direction of zero phase differ¬ 
ence, it is sometimes more convenient to compensate for this 
difference by introducing artificially an increased path-length in 
the side which is nearer the source. The principle is similar to 
that employed to demonstrate interference between sound waves 
from the same source, travelling by different paths (tw'o tubes) to 
the same receiver, § the phase difference of arrival being measured 
by the change of length necessary in one of the lubes to bring the 
two trains of waves directly ‘in phase’ or ‘out of phase.’ Let us 
suppose two receivers Mi and M 2 a distance d apart, respectively 
distant x and (x4- ) from a source of sound S, to be connected 

• Set. Prog.t Jan. 1933. t Inst. Proc., May 1936. 

t See Hayes, Drysdale, and others, loc. cit. 

I See Tyndall, Sound, p. 261. 
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through suitable circuits to two telephone earpieces Ti and Ta, 
these in turn being connected to the car through two air-tubes 
of adjustable lengths and I 2 . When §,^—0* diat is, the source 
is symmetrical with regard to Mj and M 2 , let lx=h=l’ K the 
receivers are in water in which the velocity of sound is Ciy, we 
must have for binaural balance ®=S^/ca, where the suffixes 

w and a refer to water and air respettively, ajid hi is the ‘coni' 
pensatioii’ necessary to make the total path-lengths front the 
soutcc b to the t\\'o ears of the observer equal. Consequently 
S/, which IS directly ob.ser\ed at the point of binaural balance, is 
a measure of and therefore of the b(‘aring 0 of the source 

of sound S relative to the line M 1 M 2 joining the receivers. For 
COS $ if (I is small relative to the distance x from Mi or 
M 2 to S, whence ^(5 /d) =cos" ^(Bl . Cwldca )' 'shich, in the 

case of transmission through water c ,„/{ja=4.5, ^{4.581 /d). 

In the application of the method a circular fonn of compensator 
(knf>\vn as the Ameiican liinamal Compensator) is used, shown 
diagrainmatically in (ig 123. It coresists essentially of a fixed plate 

in which two circular grooves, 
not quite complete, are cut a.s 
shown. A roiatnblc coverplate, 
lilting closely over this fixed 
plate, carries two stoppers ss, 
which close the grooves. On 
both sides of these stoppers are 
Cut in the lipper plate two radial 
bypass grooves wliirli connect 
the inner and outer groove of 
tlie lower plate. The sounds 
lioin the telephones Ti and T 2 
pass around a portion of the 
outer gioove and return via the 
innei groove to the stethoscope 
which connects to the ear. Ro¬ 
tation of the upper plate, and 
consequently the stoppers u, increases the length of one of 
these paths and diminishes the other, a pointer attached to the 
plate indicating directly the bearing 0 of the source of sound. 
The zero positirrn of the sc ale is obtained by adjustment on a 
source known to be symmetrical with respect to the receivers 
(8^=0). The principle is applicable to any type of receiver in 
air or in water. The use of one pair of receivers in this way, 
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sometimes leads to an ambiguity in direction, only the Ihu of the 
source being determined. If, however, a third receiver is added, 
the three forming an equilateral triangle, ‘binauralling’ on each 
pair removes the ambiguity. 

Binaural Geophoncs*—1'he binaural principle has been used 
not only to dctcnninc the diiection of sound in the atmosphere 
and in the sea, but in the ground also. 'I'lu* requirement of a 
sound-direction apparatus arose in tlte 191-1 war in connection with 
the location ol enemy trenching and mining operations. Apparatus 
known as the gcophone tvas devistui to detect the sounds involved 
in such underground ojterations, and a [tair of leceiver.s employed 
to give the direction from whicli the sounds proceeded. A single 



geophone, used simply as a cletenor of undeiground sounds, eon- 
sists of a hollow wooden box, 3 in. in diameter by 2 in. deep, 
divided into three compartments by two mica discs (see fig. 124). 
The space between the thVs is filled with ntercur) whilst the two 
outer air cavities conne<'t to the cars by stethoscope tubes. On 
account of the large inertia of the mercury, vibrations affecting 
the box as it lies in contact with the ground produce fluctuations 
of volume of the air cavities and corresponding compressions in 
the car of the observer. The device is very sensitive to ‘thuddingf 
sounds. When two geophones are used on the binaural principle 
only one cavity in each geophone is required. The observer 
adjusts the line of the geophones on the ground until tk"? binaural 
*cros8 over’ is obtained. Assuming the direction of propagation 

* S-e H. S. Ball, Inst, of Mining and MetaHurgy, April 10, 1919 ; stc 
also Bragg* World of Sound, p. 179. 
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in the ground is rectilinear (probably true for distances of 100 ft. 
or so), this gives the direction of the source of sound. Similar 
observations at a number of points are sufficient to give an 
appreximale position of the source. 

Sum and Difference Method—'riiis is an alternative to the 
binaural method when electrical receivers arc used, and it is also 
possible to swing the line of the receivers. Tn this method the 
secondai'y circuits of the two microphones arc connected alternately 
to assist and to oppose each othin’s effects on the observer's 
telephones. Assuming the microphones are equally sensitive and 
equidistant from the .source, the resultant secondary e.m.f. should 
be doubled in one case and zero in the other. In any other 
position of the source witli respect to the icccivei's the cancellation 
in the ‘difference’ position will not be perfect. The line of 
receivers is tlierefore rotated until this condition is attained, the 
angle of rotation giving the bearing of the source. This method 
is not so good as the binaural method, for in many cases it is 
difficult to rotate the line of receivers, and, secondly, micrc^hones 
are liable to sudden changes of phase due to packing and analogous 
effects. With three electromagnetic receivers properly spaced by 
spreaders and towed astern of a sliip the system has, however, 
met with a certain degree of success.* 

Directional Properties of a small Diaphragm Receiver—A 

diaphragm (of dimensions small compared with a wave-length) 
exposed to the free medium on one side only is a non-directional 
receiver. It responds to pressure variations in the medium, the 
lesponse being the same in all orientations. If, however, the 
diaphragm, mounted in a heavy annular support, i.s exposed to the 
medium on both sides, the conditions are entirely changed. .As we 
have seen on pp. 164 and 233, such a diaphragm exhibits marked 
directional properties as a source of sound, and the converse is 
also true— i.e. the diaphragm is a directional receiver of sound— 
if a suitable detector is attached to it. It is unnecessary to repeat 
the mode of action of such a receiver, but it is of some importance 
to describe a very successful directional hydrophone designed on 
this principle (which is equally applicable to such a receiver in 
air). The hydrophone shown in section in fig. 125a consists 
of a heavy brass streamline annulus about 10 in. in diameter, in 
which is mounted rigidly and symmetrically a metal diaphragm 
(about 4 in. in diameter). At the centre of this diaphragm is 


• See Drysdalc, Proc. f.EJE., 58, p. 577, 1920. 
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turned a small watertight cavity in which is fixed a carbon granular 
microphone (button type, free-back). Sound waves reach both 
sides of the diaphragm, either directly or by diffraction around the 
annulus, and the resultant vibration is indicated by the response 



^ lor 

Section Polar Curve of Seneitweneu. 

Fig. i*5A —Bi-directional Hydrophone 


of the microphone. When the plane of the diaphragm coincides 
with the direction of the sound wav'es, there is no pressure differ¬ 
ence between the two sides of the diaphragm, and the microphone 
is ‘silent.’ Tf, however, the hydmphone is broadside-on to the 
incident sound waves, the pressure-amplitude on the front face 
of the diaphragm exceeds that at the back face, which is screened 
somewhat by the heavy annulus. There is probably a phase 
effect also, but we need not be concerned with it here. In the 
broadside position, therefore, the response is a maximum. It will 
be seen that a rotation of the hydrophone through 360° will 
result in the microphone response passing through two positions 
of maximum and two of minimum (/ero' intensity. On account 
of the sensitivity of the ear to weak sounds the zero setting is 
most accurate in practice. This position give.s the line of propaga¬ 
tion of the sound, but is still ambiguous, for the source may lie 
in either of two diametrically opposite directions. The hydro 
phone is for this reason designated 'bi-directional' By means of 
a suitable screen or ‘baffle plate’ mounted at the correct distance 
on one side of the hydrophone as in tig. 125b, the directional 
properties are changed in such a manner that there is now only 
one maximum and one minimum, when the unscreened and 
screened faces of the diaphragm are lespectively facing the source 
of sound. The exact behaviour of the baffle, which must contain 
air and must be suitably damped (a hollow xylonite disc filled 
with lead shot), is not understrxxl completely, but in practice the 
device is very successful. In average weather a directional 
accuracy of ± 3° is possible with the uni-directional hydrophone. 
The distribution of pressure and displacement-amplitude around 
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a bi-dircctiona! and a uni-directional hydrophone in a sound field 
lias been delennincd experimentally by F. B. Young and the 
writer,* who have also advanced a theor>' of the behaviour of the 
hydrophone and baffle. The theory indicates that the maximum 
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sensitiveness (/.e-. m the ‘bioaclsicle' position) of the bi-directional 
hydrophone should be apinoximately a quarter of that of a similar 
hydrophone with one side only in (onlact with the water—a 
deduction which was coulinued liy experiment. 

Directional Displacement Receivers. Directional Pro* 
perties of ‘Button’ Microphones^ -A sjiecial type of directional 
• receiver, wliich is ajiplieabie more jiaiticiilarly to water as a medium 
of sound transmission, is due to VV. 11. Bragg (1916). He suggested 
a simple form of directional hydrophone, consisting of an elongated 
body of rigid but light coii.struclion, in which was mounted a 
carbon granule microphone of the button type. Such a body, 
lighter than the medium (water) which it displaces, w'as expected 
to have a displacement amplitude greater than that of the surround¬ 
ing medium, the amplitude of the motion depending on the shape 
of the body. If, for example, the body is ellipsoidal, its moUem 
will be greatest when the longest axis coincides with the direction 
• Proc. Roy. Soc., 100, p, 261, 1921. 
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of the sound wave. The velocity response of the microphone 
will vary therefore with the orientation of the ellipsoid, and the 
‘light-body’ will constitute a directional hydrophone. Professor 
H. Lamb supplied the necessary data with regard to the loading 
effect of the medium (water), and F. B. Young and the writer* 
made a scries of experiments to lest the theory. Preliminary 
tests with a hollow glass ellipsoid indicated a direction-ratio of 
20 or 40 : 1, whereas the theory indicated only 2 : 1. This 
discrepancy led to an examination of the button microphone, 
which was found to show marked directional pmperties. In 
some cases a ratio of 40 or 50 ; 1 in current amplitude was observed, 
when the axis of the microphone w^as parallel and at right angles 
respectively to the direction of vibration. To test the light-body 
principle, therefore, a hollow ellipsoid ol ebonite was constructed 
as in fig. 126, tlic microphone being mounted in a hollow, rotaf 
able plug litled tightly in the ellipsoid as shown. A series of 



observations of the apparent diiection of the sound, for different 
orientations of the microphone relative to the major axis of the 
ellip.soid, yielded the information that the direction-ratio of the 
ellipsoid (apart from the microphone) was 1-56 as compared with 
the value 1-60 calculated from Lamb’s data The maximum 
possible direction-ratio of any ellipsoidal light bexly ronsisterU 
with practical limits of rigidity and mean density was e.stimated 
to be about 2’3. This is negligible compared with the direction- 
ratio obtainable with a well-mounted microphone. Hence it 
appears that there is little to be gained by adhering to the ellip¬ 
soidal form, a microphone mounted in a light sphere being equally 
effective and possessing the advantages of greater compactness 
and rigidity. Light body hydrophones of this spherical type have 
been constructed with success of glass, ebonite, and paraffin-w^. 
F. B. Young and the writer* have used such hydrophones (1 in. 

• Proc, Roy Soc.. 100, pp. 252 and 261, 1921. The expetiraentB vrere 
m*(l« in 1916, 
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diameter {see fig. 96)) in exploring the sound distribution 
(direction and amplitude) around various bodies submerged in 
water. Larger hydrophones containing electromagnetic detectors 
have also been constructed on this principle.* 

The ‘displacement/ or velocity hydrophone, as it should be 
called, is less sensitive than a ‘pressure’ (diaphragm) hydrophone 
of comparable dimensions, but it serves not only as a detector 
but also as a direction indicator. The pressure variations in the 
medium have no direction, but the displacements take place in tlie 
direction of propagation. The small spherical ‘light body’ there¬ 
fore vibrates with maximum amplitude in this direction and with 
zero amplitude parallel to the wave-front. Consequently tlie 
carbon granular microphone gives its niaxiinmn response \vhcn 
its axis coincides with the direction of the source and zero 
response in the 90® position. 

So far as the writer is aware, a directional displacement receiver 
of this type has not been made for use in air. If it were possible, 
however, to construct such a receiver of mean density as small as 
possible relative to air and sufficient rigid so as not to yield to 
the pressure variations, its properties shcmlcl be the same as those 
of the light-body hydrophone. 

Diffraction Methods. Diffraction Disc and Zone Plate—As 
an alternative to binaural methods of determining the direction 
of a source of sound in air, use is sometimes made of a diffraction 
effect, to which we hcive already referred (see p. 340). If plane 
waves of sound fall normally on a circular disc, which either 
reflects or absorbs sound, the ‘shadow’ cast behind it on any 
parallel surface will have a diffraction pattern surrounding its 
centre point. On tho axis of the disc the intensity will be a 
maximum and equal to that in the undisturbed sound wave. 
At points slightly off the axis flic intensity rapidly diminishes, , 
eventually falling to zero. Still farther from the axis the intensity 
rises again to a secondary maximum, succeeded by a second zero 
position, and so on. If, now, the source of sound is 7Wt on the 
axis in front of the disc the primary tnaxirnum of intensity (the 
bright spot) will not fall on the axis behind the disc, but at some 
point displaced in accordance with the direction of the incident 
sound waves. Consequently, if a sensitive detector, such as a 
hot-wire microphone, be Axed at a point on the rear axis and the 
whole receiver (disc and microphone) rotated slowly, the response 
of the microphone will be a maximum when the axis of the disc 


* See Dfy^»dale, loc. cit. 
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points to the source of sound (see p. 342). Similar effects are 
observed when a zone-plate is used (p. 341). On account of 
the long wave-lengths of the low-frequency soimds emitted by 
an aeroplane, discs of large diameter (20 ft. or so) have been 
employed for accurate location by the diffraction method. Such 
large discs being fixed in a horizontal position, the relation 
between the direction of incidence of the sound and the position 
of maximum intensity may be calculated. This method provides 
one of the most reliable means of determining the direction of 
air-bome sounds.* 

Receivers of Large Area—^As in the case of directional 
transmission of sound waves, a surface of dimensions large com¬ 
pared with a wave-length has directional properties. Sound 
reflectors 20 ft. or more in diameter have been used to ‘focus’ 
low-frequency areroplane sounds, but, as we have already seen 
(pp. 157 and 339), such a focus is in reality a diffraction pattern ; 
just as a sound beam transmitted by a reflector with a small source 
at the focus, consists of a primary beam surrounded by a succes¬ 
sion of secondary beams of diminishing intensity. In fact, it may 
be stated as a general principle that transrrussion and reception of 
wave energy are reciprocal problems—a directional receiver will 
act as a transmitter having similar directional properties. We 
may therefore refer directly to p. 156 and pp. 231 to 236, where 
the directional transmission of sound from sources of large area 
has already been considered. Piezo-electric discs (Langevin type), 
mirrors, trumpets, and such-like receivers, all exhibit directional 
properties characterised by the relation B~ sin ^ 0*61 X/r, where 0 
is the semi-angle of the primary cone (or the semi-angle subtended 
by the inner diffraction circle at the ‘pole’). Xis the wave-length 
of the sound, and r the radius of the disc or aperture. It is 
important to observe that the sharpness of direction increases as 
X diminishes with respect to t —that is, every receiver of this type 
has a tendency to favour the sounds of higher frc»iuency—apart 
altogether from resonance and similar phenomena. A trumpet, 
disc, or a mirror should therefore be used with caution if it 
is desired to reproduce faithfully a sound of complex wave- 
fonn— i.e. a sound containing harmonics of widely different wave¬ 
lengths. For example, small parabolic reflector which would 
focus the sharp ‘crack’ of a pistol or an electric spark very 
efficiently, would be quite useless as a means of concentrating a 

* Eney. Brit, 13th ed, (siippl. vols.), 1926; Sound, ‘Detection and 
Perception of Direction,’ A. O. Rankine. 
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continuous wave of frequency 200 p.p.s. (A =5 ft. approx.). 
Another way of looking at the matter is to regard the concave 
reflector in terms of Fresnel’s zones. If the 'focal length* is 
considerable and the wave-length \ of the incident sound is not 
small, the first Fresnel zone is fairly large ; consequently there is 
little to be gained by making a reflector of such dimensions con¬ 
cave. If, however, the sounds are of very short wave-length, the 
number of Fresnel zones in a reflector of moderate dimensions 
may be large and the energy concentration at the focus appreci¬ 
able, the advantages of the concavity are then more apparent. 

Multiple Receivers—The treatment which has been given 
for the directional properties of multiple sources (p. 233) is also 
applicable to multiple receivers. A straight line, a circle, or 
a surface covered with equidistant ‘point’ receivers will have 
a maximum resultant response when the incident sound wave 
reaches all the receivers in the same phase. If, for example, six 
similar receivers are spaced along a straight line at intervals of 
half a wave-length, the resultant response for different orientations 
will be that indicated in fig. 67 (p. 235) for a line of six similar 
sources. In such a case the maximum amplitude occurs when 
the line of receivers is ‘broadside’ to the incident wave. It is 
of course important that all receivers in the ‘line’ should operate 
in the same phase, when the sound wave arrives simultaneously, 
i.e. in the ‘broadside-on’ position. This necessitates that they 
should either be all non-resonant or should ?.li be tuned exactly 
to the same frequency. The principle employing lines of receivers 
has been applied in submarine detection by M. Mason * on behalf 
of the American Navy. The M.V. hydrophone, as the system 
was called, consisted of a row of twelve simple receivers (non- 
resemant rubber ‘teats’ fixed on the ends of metal tubes) spaced 
at equal intervals on a line 10 ft. long. Two such rows of re¬ 
ceivers were fitted below water on the port and starboard sides 
of a ship. The binaural compensator principle (described oh 
p. 451) was extended, by a ‘pre^ressive compensation* in a single 
instrument, to twelve receivers. This ‘line’ receiver had marked 
directional properties, and under suitable conditions could locate 
a moving vessel with considerable accuracy. The principle has 
since been applied in marine ‘depth sounding.’f A device 
employing a large number of similar receivers covering a large 
area was invented by Walser (in the French navy). A ‘blwteri 


• Prac. Amer, PkU, Soc., 59, No. 1, 1920; and Marine Re^iew^ Oct. 
1921. t See H. C. Hayes, Journ. Frank, InsL, 197* March 1924. 
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on the side of a ship was covered with small diaphragms, and 
an observer inside the ship located the position of the primary 
maximum by means of a small trumpet and stethoscope receiver. 
This and other directional devices of a similar nature have been 
described by C. V. Drysdale.* 

Location of Impulsive Sources—The methods described 
above are applicable when the source emits continuous waves 
of sound, and fail completely when the ‘sound’ consists of a single 
impulse—as, for example, the detonation of an explosive charge. 
In such cases special methods of location have been devised, 
which we shall consider later in connection with Sound Ranging 
(see p, 524). 

SOUND MEASUREMENT. ANALYSIS AND 

RECORDING 

The characteristics of a sound wave at any point in a medium 
may be regarded as completely defined when the amplitude, 
frequency, and phase of its Fourier components are known. 
The term ‘amplitude’ to which we refer here may relate to dis¬ 
placement, pressure, density, or to some other physical quantity 
which represents the condition of the medium at the point 
in question. The measurement of frequency and phase is, in 
comparison with the measurement of intensity (or amplitude) a 
relatively simple matter. Intensity measurement is full of pitfalls, 
and great care and judgment are necessary in making ‘absolute’ 
determinations. Many instruments have been devised which are 
said to measure intensity, but in many cases it is necessary to make 
certain assumptions, often unjustifiable, to convert their indicatiom 
into absolute measure. All known measuring devices are limited 
to certain ranges of frequency and intensity ; they are best suited 
to a pau'ticular medium through which the sound waves pass, and 
their indications are dependent on the dimension-' relative to the 
wave-length of the incident so\ind. A condenser microphone, 
for example, would have very different properties as a receiyer 
in air and in water, not only in regard to the frequency range but 
also in regard to its behaviour as an ‘obstacle,* the wave-length 
of sounds of the same frequency being m water four and a half 
times the corresponding frequency in air. It is necessary to 
remember, therefore, that the resulting indication of any type of 
receiver is dependent, amongst other influences, on the following 


* Proc. l.EJE.t 58, p. 577, 1920 ; and Mechanical PropertUi of Fluids. 
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factors: (a) the wave-length of the incident sound; {b) the law of 
pressure-volume variation assumed in the neighbourhood of the 
obstacle (the measuring device and its mounting) placed in the 
path of the sound wave; (c) the scattering and diffraction of sound- 
energy from the obstaclcj ‘the receiver* (involving its compressibility, 
density, ana modes of vibration, the frequency of the incident 
sound, and the nature of the ‘incident’ medium). 

It is often assumed in sound intensity measurements tliat the 
pressure fluctuation at the surface of the receiver is the same as 
that whicli would occur in the undisturbed sound wave. Some¬ 
times die other extreme view is taken that the pressure is doubled 
by recection. It is clear that the former assumption approximates 
to the truth when the sound field influenced by the receiver may 
be regarded as a ‘point’ — i.e. very small compared with a wave¬ 
length; whilst the latter assumption is more nearly correct w'hen 
the receiver approximates to an infinite rigid plane, i.f,. its dimen¬ 
sions are large compared with the wave-length of any sound falling 
upon it. In practice neither of these ideals can be attained, but 
it is often possible to define the experimental conditions so that 
the results agree approximately with one of them. It is inter¬ 
esting to note, in a paper by S. Ballanline,* that this aspect of 
sound intensity measurement is receiving more consideration. 
Using a Wente condenser microphone to measure scuiiul intensity, 

iJallantine attempts to 
make: the uncertainty 

less serious by mount¬ 
ing the receiver in a 
‘standard spherical 
body.’ The wlmle is 
tlien reg.irdod as a rigid 
sphe re amenable to Ray- 
leigh’s mathematical dif¬ 
fraction ireatment.t In 
PnQuaiKSi/f. (logarithmief fig. 127 the curves, due 

Fto* to Ballanline, show the 

pressure-ratio p/po f at diffcicnt freciuencies for spheres 6 in. 
and 12 in. in diameter. It will be seen that the spherical 
receiver 12 in. in diameter can only be regarded as small at 

*Phys. Rm. 32, p. 988, Dec. 1928. 

t Theory of Sound 2, pp. 218 et seq. 

i Die ratio of pressure amplitude p on the receiver to that pu in the 
undisturbed uiedltim. 
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frequencies below 80 p.p.s. Above this frequency the pres¬ 
sure-amplitude measured varies rapidly with frequency, ulti¬ 
mately reaching the double-pressure at very’ high frequencies 
(>10,000 p.p.s.)- In this treatment it has been assumed that 
any form of pressure receiver may be used, and that the sphere 
is rigid. The latter assumption, which may easily be attained 
for air-bonie sounds, is not so easy of attainment in a medium 
such as water, A body which may be regarded as rigid in water 
carrying sound waves is not known. In such a case, therefore, 
a further correction would be necessary to allow for the elas¬ 
ticity of the sphere. Tt must be remembered that the directional 
properties of a receiver depend on the ratio X/D, where X is the 
wave-length and D the diameter of the receiver (assumed circular). 
As the frequency increases therfore, A. diminishes, and the re¬ 
ceiver becomes more and more sharjDly directional (see pp. 232 
and 459) • I'he orientation of the receiver with respect to the 
incident sound becomes increasingly important therefore' the 
higher the freijuericy. 

‘Absolute’ sound intensity mcasuicinent is vciy difficult. It 
must not be supposed, however, that sound intensity measure¬ 
ments are useless, for there are many forms of receiver which, 
when used with due caution, give results approximating to 
‘absolute' measure. Comparative sound-intensity measurements 
are possible wlih almost all forms of sound receiver, but some 
forms are decided !v better than others. Resonant receivers have 
proved of great value in comparing sound intensities at a particular 
frequency, but comparison of intensities' of different frequencies 
with different tuned receivers is rendered uncertain on account 
of the diflEiciilty of estimating the ‘amplification factor’ of such 
receivers. Certain forms of measuring device may be calibrated, 
so that their indications form an approximate measure of sound- 
intensity within prescribed limits of intensity and fr equency. 

To summarise : the tenn ‘absolute’ applied to a sound-intensity 
measuring devnee should always be used with great caution. 
Various types of sound receivers and recorders aje known which 
give a fairly uniform response over a limited range of frequency 
and intensity ; within such limits their indications may be corre¬ 
lated to the sound-intensity, and, subject to certain corrections, 
they may be used in sound analysis. Among the many methods 
used in intensity measurement and comparison, the following may 
be mentioned : (1) the Rayleigh disc (with or without resonator) ; 
(2) the sound-pressure radiometer ; (3) hot-wire microphone (with 
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or without resonator) ; (4) motion of a diaphragm observed by 
optical means (various types of ‘phonometers’) ; (5) interferometer 
methods of observation of the variation of refractive index ; (6) 
use of electromagnetic, electrodynamic, piezo-electric, or such 
receivers, in conjunction with auxiliary electrical circuits (valve- 
amplifiers) and recorders (oscillographs). 

The frequency analysis of a complex sound by variable tuning 
devices (mechanical or electrical) or by oscillographic and strobo¬ 
scopic methods is a relatively simple problem. 


The Rayleigh Disc—It is shown in textbooks of hydro¬ 
dynamics * that the lines of flow, or ‘streamlines’ around an 
obstacle of ellipsoidal form, are such that the obstacle tends to set 
in a stable position with its least axis in the direction of undisturbed 
flow. In the case of a plane lamina inclined at 45° to the stream, 

the lines of flow are as 
shown in fig. 128, these 
being unaltered if the 
direction of flow is 
reversed. The points A 
and B where the hyper¬ 
bolic arcs meet the 
lamina are points of 
zero velocity, and there¬ 
fore of maximum pres¬ 
sure. The fluid pressures 
on the lamina are therefore equivalent to a couple tending to set 
it broadside-on to the stream. In the case of a circular disc of 
radius a in a fluid of density p, the normal to the disc making an 
angle 0 with the direction of the undisturbed stream, the couple T 
tending to reduce the angle $ is given by 



T =|pa sin 2(9 (1) 

In this relation it will be seen that the torque is proportional to 
—that is, independent of the direction of flow. The relation is 
therefore equally applicable to direct or alternating flow, provided 
the value of in the latter case represents the mean value over a 
cycle. The torque is a maximum when ^=45*’. The effect was 
demonstrated experimentally by Rayleigh, f who observed the 
rotation of a small paper disc, suspended on a fine fibre, at an angle 
of 45* to the plane of the opening of a Helmhdltz resonator in 

* Lamb, Hydrodynamics, pp, 94 and 178, 1895. t Sound, 2, p. 44. 
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vibration. Rayleigh subsequently designed a simple instrument, 
based on this principle, for comparing the intensities oi sounds ci 
definite pitch—the intensity being proportional to which is 
measured directly by the torque T. A tube f X in length is open 
at one end and closed with a glass plate at the other. At an anti¬ 
node, distant X/4 from the dosed end, a light circular minor is 
hung by a fibre at an angle of 45° to the axis of the tube. A 
small glass window at the side allows the light reflected from the 
mirror to fall on a scale outside. When the tube is set in resonance 
the alternating air-flow round the mirror causes it to rotate. For 
small angles of deflection the rotation is proportional to the sound- 
intensity in the tube, and consequently to the intensity in the un¬ 
disturbed field. The actual value of the torque may, if required, 
be determined by means of a torsion head which brings the mirror 
back to its initial position. A double resonator with such a mirror, 
supported by a fine quartz fibre in the connecting neck (see fig. 129), 
forms a much more sensitive arrangement (due to Boys,* sec 



Fic .129 

(From Davis and Kaye, AcovilKt of Bityldonfi) 

p. 201). The velocity of the air at the mirror is in this case 
greatly amplified by the second resonator. The sensitiveness is 
comparable with that of the ear. The system is, on' course, very 
sharply tuned, and a number of - similar instruments would, there¬ 
fore, be required to cover a moderate range of frequency. The 
original form, suggested by Rayleigh, but fitted with a continuously 
variable tuning arrangement, is more generally useful, but is of 
course less sensitive. It is important to observe, in all forms, 
that the diameter of the disc should be small compared with a 
wave-length of the incident sound. The device has been used 
extensively as a means of compwiring sound intensities, and has 
often been used to check other methods. Thus E. Meyer f l^as 
* Nature 42. n 604 IROO 

t Elec. Nach..Techn., 3, p. 1926 ; and 4, p. 86, 1927. 
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shown that concordant results are obtained over a wide range of 
frequencies when it is compared witli the thennophone (see p. 216) 
and the condenser-microphone (see p. 433). Mallet and Dutton* 
have used the Rayleigh disc to determine the efficiency of tele¬ 
phone receivers from the curves of amplitude-frequency near 
resonance, the results agreeing well with motional-impedance 
measurements. The device has a very wide application in explora¬ 
tions of sound ficlds.t 

A modification in the method of use of a Rayleigh disc has 
been suggested by L. J. Sivian.| In this method the amplitude 
of the sound wave to be measured is modulated with a frequency 
equal to that of the free vibration of die suspended disc. The 
measurement consists in reading the amplitude of the oscillations 
corresponding to the mcxlulating frequency rather than a steady 
deflection of the disc. The disturbances caused by spurious 
air cuiTents are thus largely reduced. 

Konig’s iheor^f of the R.ayleigh disc assumes the disc to be 
motionless, apart from its slm\ rotation, but this assumption is 
unjustifiable particularly in a heavy nuKlium such as water. The 
disc must partake of the motion of the medium to an extent 
depending on the density of the medium and the mass and 
dimensions of the disc. Consequently the fluid velocity v in 
Konig’s equation for the torque must he modified by the intro¬ 
duction of a factor (1— fi) in which fi represents the ratio of 
velocity va of the disc to the veloc'ity of the water. The 
expression for the torque then becomes § 


T=^Pa'’r,„^(l—i6f)- sin 20. 


Assuming that the disc is small compared with the wave-length of 
the incident sound and that it does not vibrate in any transverse or 
radial mode, it may be shown on elementary hydrodynamical 
principles that (1 —;?)—.(M—m)/(M-f-m,,,) where M is the mass 
of the disc, m the mass of fluid it .displaces, and the water load 
(equal to ri^va^ for a circular disc inclined at 45° to the direction 
of the sound). The. torque T, when ^:=:45°, now becomes 


T=: 


4 > 

y 


Pa'^Vw 


2 


/M —m 
VM-f-m 



• Journ. LE.E., 63, p. 502, 1925 ; also E. J. Barnes and W. West, 
65, p. 871, 1927. 

t Stewart and Stil**", Phys. Rev,, I, p. 309. 1913 ; 32, p. 248, 1911 ; 
33, p, 467, 1911. XPha. Magi. 5, p. 615, 1928, 

9 A. B. Wood, Phys. Sec. Proc., 47, p. 779, 1935. 
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The expression for the torque was verified by the writer using 
a series of ellipsoidal and cylindrical discs inclined at 45° to the 
direction of the sound in water. Precautions were taken to avoid 
errors due to direct-flow in the water by surrounding the disc and 
its small edge-on optical indicating mirror with a thin acoustically 
transparent cylinder of celluloid. Discs of density varying from 
2’7 (aluminium) to 21*5 (platinum) were used. A series of 
measurements was made with cylindrical brass discs in which the 
thickness was varied from 0*5 to 6*0 mm.j the radius remaining 
constant at 1 cm. Up to a thickness of 4 mm. the sensitivity 
increased with increased mass in accordance with the simple 
theory. Similarly experiments were made with brass discs of 
constant thickness 2 mm.j in which the radius was varied from 
0*75 crn. to 1*25 cm. The result of these c.xperiments verified 
the theory that the torque on the disc was proportional to the cube 
of the radius, and increased with increasing mass of the disc in 
accordance with the expression for T given above. The measure¬ 
ments also showed that the water-load 7n,^, on tlie disc, when 
inclined at 45° to the direction of the sound, was approximately 
^ ® as indicated by hydrodynamic theory. 

The intensity I in the sound wa\'e is given by 

l~P-iuCVio'^ 

where c is the velocity of sound in the medium and :> „ is the r.m.s. 
particle velocity. A.ssuming 0=45° 

I=3cT/fl3( 1—^)2. 

The torque T is measured by means of a simple torsion head 
suspension with reflecting mirror and scale to iridicate the exact 
orientation of the disc. The intensity correction fa tor 1/(1—p')® 
is of the order 10 per cent, for a light mica disc in air, and 40 per 
cent, for a heavy tungsten disc in water. 

It is important, of course, that the dimensions of the disc shall 
be small compared with the wavelength of the .sound. Another 
factor of importance, often overlooked, is the possibility of trans¬ 
verse vibration of the disc in any of its nonnal modes. A re¬ 
sonant transverse vibration would, of course, render the indications 
of the disc valueless for the purpose of intensity measurement. 

L, V. King* has obtained an expression for the torque on a 


* Proc. Roy. Soc. A., 153, p. 1 and p. 17, 1935. 
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Rayleigh disc, in which 


_ 4 "4 

= Vw~- 


M—m 


M—m-|-2m «,* 


The correction factor differs from that of the writer in one importa;nt 
particular, viz. it is linear instead of quadratic. iJnfortunately, 

in the writer’s experiments no 
measurements were made with 
discs lighter than water, mak¬ 
ing (M—m) negative, but this 
omission has since been 
remedied in an investigation by 
A. Rosters.* Such measure¬ 
ments, of course, discriminate 
between the factor (M—m)/ 
(M+m a,) and the square of 
such a quantity. In Kosters’s 
measurements the correction 
factor was plotted as a function 
of the ratio density of disc to 
the density of the liquid p,„. Be< 
sides water (pj=l), glycerine 
. p^=l *26), methyl iodide (p,,, - 
3*32) and carbon tetrachloride 
(p,„ =1*59) were used, with 
low density discs of aluminium 
(p^=2’7), mip)olan (pj = l*41), igelit (p^ = l*34), and various 
rubbers (pa slightly greater than 1). Experiments were also 
made in water with discs of wood, cork, and a hollow disc 
of brass, but difficulties were encountered due to lack of 
rigidity. The use of the heavier liquids, however, with discs of 
density greater than unity, was equally effective. The results of 
some of these observations are shown in fig. 129a. It will be 
seen that the correction factor plotted as a function of the ratio 
density of disc/density of liquid, agrees very well with the value 
|(M —m)/(M4‘«tjo ) f It appears to be quite definite that the 
torque on ffie disc does not reverse in sign, as indicated by King^s 
formula, when the density of the disc is less than’ the density of the 
liquid. 

Measurements, also made by Rosters, with discs suspended in 

• Working in Prof. E. Meyer’s laboratory. Ac. Beihelte, 3, AB 171. 
1952. 
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glycerine indicated that the large viscosity (1600Xviscosity of 
water at 18“ G.) had no influence on the magnitude of the torque. 
A. C, Merrington and C. W. Oatley also investigated the effects 
of viscosity, heat conduction and vortex motion on the torque on 
the disc in air. They came to the conclusion that in this case the 
viscous effect could not account for more than 2 per cent, of the 
torque at atmospheric pressure. They found, however, that 
errors as great as 10 per cent, might arise on account of heat 
conduction and vortex motion—the latter factor being the more 
important. 


Pressure of Sound Waves 

Sound waves, like light waves, exert a pressure on any sur¬ 
face, reflecting or absorbing, on which they fall, and radio¬ 
meters for measuring sound energy have been constructed on 
this principle. The theoretical aspect of the matter has re¬ 
ceived considerable attention froiii Rayleigh, Larmor, Poynting, 
and others. In order to illustrate in as simple a manner as 
possible how this pressure arises, we cannot do better than 
quote Poynting : * "In sound waves there is at a reflecting 
surface a node—a point of no motion but of varying pres¬ 
sure. If the variations of pressure from the undisturbed value 
were exactly proportional to the displacements of a parallel 
layer near the surface, and if the displacements were exactly 
harmonic, then the average pressure would be equal to the 
normal undisturbed value. But consider a layer of air quite 
close to the surface. If it moves up a distance y towards the 
surface, the pressure is increased. If it moves an equal distance y 
away from the surface, the pressure is decreased, but by a slightly 
smaller quantity. To illustrate this, take an extreme case and, for 
simplicity, suppose that Boyle’s law holds. If the layer advances 
half-way towards the |■eflecting surface the pressure is doubled. 
If it moves an equal distance outwards from its ori^nal position 
the pressure falls, but only by one-third of its original value ; and 
if we could suppose the layer to be moving harmonically, it is 
obvious that the mean of the increased and diminished pre.ssures 
would be largely in excess of the normal value. Though we are 
not entitled to assume the existence of the harmonic vibrations 
when we take into account the second order of small quantities, 
yet this illustration gives the right idea. The excess of pressure 

* Address on Radiation Pressure, Phys. Soc,, 1906. See also R. A. Scott, 
Proc, Roy, Soc.,A., 183, 296. 1946 
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in the compressed half is greater than its defect in the extension 
half, and the net result is an average excess of pressure—a quantity 
itself of tlie second order—on the reflecting surface. This excess 
in the compression half of a wave-train is connected with the extra 
speed which exists in that half, and makes the crests of intense 
sound waves gain on the troughs.” The following simple treat- 
merit, which jjroves the existence of radiation-pressure by an 
indirect method, is due to f,armor* The case considered is that 
of plane waves incident normally on a perfectly reflecting wall. 
The latter is pushed with velocity v to meet the advancing train 
of waves. The energy' density in the incident wave-train of velocity 
c is E, and in the case of a stationar)’ leflector, the total energy 
density due to both incident and reflected wave-trains is 2E. In 
unit time the length of the wave-train incident on the wall is 
• On account of the approach of the wall this is compressed 
into a space of length (c—y). Consequently the energy density 
in the reflected wave is increased in the ratio 

E + SE__H-^' 

E “ < --t' c 

since i' is very' small, whence ;!E—2yE/f:. In a region of length 
c in front of the wall, the increase in total energy is therefore 
c , 8/i~2nE. This must necessarily be the work done by the wall 
in compressing the radiation. Consequently, if P is the radiation- 
pressure, the work done by the wall in unit time is Pr', whence 

?v-2vE or P=:2i: . . . (1) 

The radiation-pressure is therefore equal to the mean energy density 
in the medium in front of the reflector. 

In the case of a perfectly ‘absorbing’ w'all, there would be no 
reflected wave and P would be equal to E. 

Rayleigh f has dealt with the problem by more rigorous mathe¬ 
matical methods. The gas is regarded as enclosed in a long 
cylinder of length I closed by a piston subjected to the additional 
pressure due to the sound waves reflected from it. The calcula¬ 
tion is quite general and is applicable to a gas (or any fluid) in 
which the pressure is any arbitrary function of the density /»=/ { p). 
If pi Pi denote the pressure and density at the piston and poPo 

•Article «m ‘Radiation,’ Enr). Brit., 11th «<!., 22, p. 786, 1911 ; see also 
Crandall, Sound, p. 179. 

fPhil. Mag., 10, p. 364, 1905. See ako Phil. Mag.. 3, p. 338, 1902; 
and Scientific Papers, .5, pp. 41 and 262. See also L. V. King, Proc, Roy. 
Sac. 153, p. 1, 1935. 
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the normal values in the absence of vibrations, then it may be 
proved that 




U^dxdt 


where U is the resultant velocity at any point and /'( p o) and p^) 
are the first and second differentials of /(po)- The integral on 
the left of this equation is the mean additional pressure on the 
piston, Le. the mean radiation-pressure P which is required. The 
equation expresses this pressure in terms of the mean kinetic 
energy. If the relation between pressure and density is adiabatic, 
that is, (p/p(f) — { plp„)j , equation (2) becomes 

P=i(T+l)p„f . . ..{3) 


In tliis expression Po 



IP 

I 


dxdt represents the volume density of 


the total energy- that is, double the volume density of the kinetic 
energy. Denoting the latter qiiantity by E, we have tlierefore 

.... (4) 

which, in the case of a gas obeying Boyle’s law (7=1), reduces to 

P=:2E .... (5) 


in agreement with the expression (1) obtained by Poynting and 
Lannor. As Poynting b.as explained, if the reflection of a train 
of weaves exerts a pressure on the reflec.tor, it must be due to the 
momentum of the wave-train. The value of the momentum M is 
obtained at once from the above expressions for P in accordance 
with the usual definition of this quantity M. Rayleigh shows that 
waves of finite condensation propagated luithout change of type 
[p—const — c^Po“/p ) exert no pre^.surr on a reflecting surface. “It 
would seem that pressure and momentum are h< re assfx;iated 
with the tendency of waves to alter their form as they proceed on 
their course.”* 

R. W. Wood t demonstrated the existence of a radiation-pressure 
by means of a concave mirror which was used to focus intense 
sound pulses from powerful electric sparks, on a set of vanes like 
a radiometer, cau.sing them to rotate when situated at the focus, 
in such a case the sound wa\'e is distinctly unsymmetrical and a 
mechanical pressure would he anticipated on elementary grounds. 


* See alfo A. Schoch, Z.f. Naturforsch., 7a, 273, 1952. 
f Phys, Zeits, 1, p. 22, Jan. 1905. 
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It has been shown on p. 54 that the intensity I of sound waves 
is equal to the product of energy density £ and wave>velocity c. 
Thus, if P is the radiation-pressure exerted on a reflecting surface, 
we may write 


l=Ec=Fc/{y-i-l) • • • (6) 

a simple relation which forms the basis of an ‘absolute’ method 
of measuring sound intensity. 

Sound Radiometers. (Torsion.'Vane Pendulum) —The steady 
pressure exerted by sound waves on reflection frcan a plane solid 
wall was measured by Altberg.* A hole in the wall was closed 
by a loosely fitting piston attached to one end of the arm of a 
torsion pendulum, a balance weight (not exposed to the radiation) 
being fixed at the opposite end. The arm was supported, at the 
centre of gravity of the system, by a fine torsion wire or fibre, 
and a mirror (with lamp and scale) indicated any deflection of the 
piston. The latter was lestored to its zero position by means of 
a torsion head. In the case of a piston of small area S, at an 
effective distance r from the point of suspension, the torque T 
is given by Tr=SPr. This is counterbalanced by the torsion of 
the suspension. If the torsion constant of the latter is A:, and 
an angle of twist 9 is required to restore the arm, against 
the pressure, to its initial position SFr=k6, whence F=k9/Sr, 
the value of the sound intensity being obtained at once from 
equation (6). 

Altberg employed this method to measure the intensity of sound 
emitted from a Kundt’s tube excited the powerful longitudinal 
vibrations of a glass rod. Altberg’s radiometer method was also 
used by N. Neklapajevf to measure the "intensity of high-frequency 
waves, and to determine the law of absorption in air. T. P. AbeHoJ 
has employed the same method to measure sound absorption at 
high frequencies in various mixtures of gases. The same principle 
has also been applied by P. Langevin § and R. W. Boyle || to the 
measurement of high-frequency sound intensities under water. 
The torsion vane was a disc of metal of appropriate thickness (or 

* Ann^ der Physik, 11, p. 405, 1903. 

t Ann. der Physik. .^5, p. 175, 1911 ; see also P. Lebedew, Ann. der 
Physik, 35, p. 171, 1911. 

tPhys. Rev. 31, p. 1033, 1928; Proc. Nat. Acad., 13, p. 699, 1927: 
see also Altberg and Holtzmann, Phys. Zeits., 26, p. 149. 19^5. 

? IntemationaT Hydrographic Bureau, Monaco, Special Publication No. 3,. 
p. 28. 1924, and No. 4. 1926. 

11 Proc. Ray, $oc. Canada, 3, p. 167, 1925. 
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alternatively an air-film enclosed between mica discs) supported 
from a fine phosphor bronze or steel wire. The defection of the 
vane, under the action of the supersonic beam from a quartz 
transmitter, was observed by means of a telescope, and a tofsion 
head was used to restore the vane to its zero position. In these 
measurements no ‘guard plane’ was used, so that it became 
necessary to correct the observations for diffraction effects at the 
edges of the vane. This troublesome correction is of course 
entirdiy avoided if the vane forms a part of a reflecting plane of 
large area. 

Sound radiwieters are very insensitive, and are consequently 
quite unsuitable for the detection of feeble sounds. They pro¬ 
vide, however, a very convenient means of measuring the intenaty 
of continuous sounds of large amplitude—particularly at high 
frequencies when the wave-length is small. In this respect they 
have a wide application in the measurement of the energy emission 
from sources ci sound. 

Forces of Reaction between Bodies in a Sound Field—It is 

convenient to refer here to a few interesting phenomena relating 
to the attraction or repulsion between various bodies in vibration, 
or under the influence of the vibrations of a medium carrying a 
train of sound waves. 

(a) Repulsion of Resonators —^Dvorak and Meyer * independently 

discovered that an air resonator of any kind, when exposed to a 
powerful source of sound, experiences a force of repulsion directed 
from the mouth inwards. Four light resonators mounted on a 
pivot, after the fashion of an anemometer, may be caused to 
rotate continuously under the action of this repulsion. Rayleigh 
{Sound, 2, 42) has dealt with the mathematical side of the 

question, and has proved that the mean pressure inside a resonator 
is greater than that in the surrounding medium, i.e. there must 
be a force at the mouth acting inwards. 

(b) Attraction between a Vibrating Body and a Neighbouring 
Obstacle —Kelvin has shown that the mean pressure at a place 
where there is motion is less than in the undisturbed medium ; 

f {p^—p(i)dt~—lp I UiVt, 

where Uj is the veiiocity and p\ the pressure at any point in a 
medium of density P and undisturbed pressure pa (see also 
equations (2) and (3), p. 469). This theorem was used to explain 


* Pogg. Ann,, 157, p. 42, 1876 ; and Phil. Mag., 6, p. 225, 1878. 
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certain observations by Guthrie * relating to the attraction of a 
suspended disc of paper by the prong of a vibrating tuning-fork. 
The behaviour of tlie disc depends on the fact that the mean 
value of U“ is greater on the face exposed to the fork than upon 
the back. I’he action depends essentially on the proximity of the 
source of disturbance. When the flow of liquid, whether steady 
or altemating, is uniform over a large region the effect on the 
obstacle is a question of sha])e (see, for example, the Rayleigh disc 
which rotates in a unifunn sound field, whilst a sphere is un¬ 
affected) . 

(c) Attr^xtion. or Rrpnhinn between Spherical Particles in a Sound 
Field —In a uniform sound field the force on a single sphere is 
zero. If, however, two spheres, at a moderate distance apart, lie 
in a line parallel to the alternating flow they will be repelled. 
If, on the other hand, the line joining their centres is at right 
angles to the flow they will be attracted. These statements are 
due to Kbnig, f who thereby explained the peculiar nature of the 
striations obsen'cd in the Kimdt’s dust-tube experiment. The 
forces between neighbouring particles are such as to cause the 
particles to collect in lamina' across the tube, the effect being a 
maximum at the antinodes. Kiinig showed that the force acting 
between two spheres of radii a\ and situated a distance r 
apart, is given by (i) a repulsion yi--^iT 9 fr* when the pair 

is ‘end-on’ to the stream of velocity v, and (ii) an attraction 
\-=:37r v^/>^ when ‘liroadsidc’ to the stream. The force 

therefore increases extremely rapidly with diminishing distance 
of sejjaration of the particles. R. W. Boyle and R. W. Wood 
have independently referred {loc. cit.) to the rapid coagulation of 
small particles of coke or other powder in a liquid through which 
high-frcqucncy sound waves of great intensity are passing. It 
is not unlikely that the effects are, at any rate, partly due to tliis 
cause. (But sec p. 195.) 

Optical Interferometer Methods—The ideal method of 
measuring the intensity of a sound wave is one in which the 
‘receiver or indicator’ does not modify in any way tfie sound distri¬ 
bution at the point of the medium under consideration. A solid 
obstacle,, e.g. microphone, electrodynamic receiver, or a resonator, 
does not comply with this condition for it behaves as a secondary 
source and scatters some of the incident sound energy. A method 

* Proc. Roy. Soc.^ 19, p. 35, and 19, p. 271, 1871. 

t IFied. Ann., 42, p. 353, 1891 ; but see p. 1846, E.N. da C. Andrade, 
Proc. Roy. Soc., 1931 and 19^12. 
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approximating to the ideal case is one to which we have already 
hriefly referred (p. 194), viz. the interferometer method introduced 
by Tdpler and Boltzmann,* and developed later by Raps.f In 
this method a beam of light traverses the medium through which 
the sound waves pass, and produces a set of interference fringes 
with a second beam of light outside the path of the sound waves. 
The changes of density in the medium traversed by the first beam 
result in corresponding changes of optical path, and displace the 
interference fringes accordingly. It is important to observe in 
such measurements that the interferometer mirrors and mountings 
are not set in vibration by the sound wave, otherwise large errors 
may occur. So far as the writer is aware, the method has only 
been applied to cases of large sound intensity— e.g. Raps studied 
the changes of density near the node of an organ pipe. As an 
approximation to an absolute method it is, however, worthy of 
more consideration than it has hitherto rereivctl. 

Phonometers —The Wcbstei Phonometer J is a useful detecting 
and measuring device based on the prin«:iplc of a tunable Helm¬ 
holtz resonator (see fig. 1,301. The motion of the air in the mouth 
of the resonator is indicated by means of a small mica disc sup¬ 
ported by three cojilanar stretched wires, which serve also to tune 
the disc. The .system is therefore doubly tuned. The movement 
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of the disc is indicated by means of a thin steel torsion-strip carry¬ 
ing a small concave mirror, which tilts when the disc vibrates. 
Light from a lamp (not shown in fig. 130) with a vertical, straight 
firlament is reflected from the mirror into an eyepiece alongside it. 

* Pogg. Ann., 141, p. 321 1870. t Ann. Her Physik, 50, p. 193, 1891. 
tNot. Acad. Set. Proc,, 5, p. 173, 1919 ; and Enpneering, 3, p. 763, 
1921 (RJ- discourse). 

32 
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A calibrated scale in die eyepiece serves to measure the amplitude 
of the diaphragm. Using a total optical magnification of the order 
of 1500 times a deflection of 0-1 mm. in the eyepiece, corresponds 
to a displacement of 4X10'® cm. of the disc. The instrument is 
calibrated, by an interferometer method, to give ‘absolute* 
measurements of amplitude. L. V. King * used the Webster 
phonometer in measurements of the acoustic efficiency of fog- 
signalling machinery. The instrument was able to detect, and 
measure, the signals when out of range of the ear (see p. 226), 

A somewhat similar device, in that it employs a Helmholtz 
resonator with a diaphragm-mirror combination, was used by 
M. Wien.f The usual opening of the resonator was, however, 
completely closed by a thin ‘aneroid* diaphragm in tune with 
the resonator and the incident sound. 

The Miller Phonodeik J—^The diaphragm sound receiver, devised 
by D. C. Miller to iccord musical sounds, is typical of many other 
fonns of diaphragm receiver. A diaphragm of glass (0*003 in 
thick) is held lightly between soft rubber rings and closes the 
apex of a conical horn. Behind the diaphragm is a minute steel 
spindle mounted on jewelled bearings, and attached to the spindle 
(of weight 0*002 gmi.) is a tiny oscillc^raph mirror. A silk fibre, 
or platinum wire (0*0005 in. thick), is attached to the centre of 
the diaphragm, and, after wrapping once round the spindle, is 
fixed to a spring tension-piece. Light from a pinhole is focussed 
by a lens and reflected by the mirror to a moving film or rotating 
minur- Vibration of the diaphragm causes oscKlatory rotation 
of the mirror with corresponding displacements of the spot of 
light—an optical magnification of 2500 being possible. The 
arrangement responds to frequencies up to 10,000 p.p.s., but 
suffers from the serious defect of resonance at particular fre¬ 
quencies, these frequencies corresponding to the various possible 
modes of vibration of the glass diaphragm and of the air column 
in the conical horn. By a somewhat laborious process, Miller 
determines a calibration curve (consisting of a series of resonance 
peaks) for the instrument, and applies it to the correction of the 
record of a sound subject to analysis S. H. Anderson § has 

• Frank, Inst. Journ,, 183, p. 259, 1917. 

^JTied. Ann. 36, p. 834, 1889. 

t Meaning ‘to show, or exhibit, sound,’ Phys., Rev. 28, p. 151, 1909 ; 
Science of Musical Sounds, p. 79; and Sound Waves, D. C. Mfller 
(Macmillan), 1937- 

S Opt, Soc. Arner. Journ., 2, p. 31, 1925. See also C. J. Lapp, iHd„ 
7, p. 661, 1923; E. H. Barton and H. M. Browning. Phil. Mag., 50* 
p. 957, 1925, and 2, p. 935, 1926. 
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t^ecentiy described a modified form of phonodeik in which mdy 
the natural frequency of the diaphragm needs to be considered, 
the horn and tension spring being eliminated. The instrument 
is sensitive enough for the quantitative examination of the quality 
of musical tones within the range 128 to 8200 p.p.s. The device 
is calibrated, using electrically-maintained tuning-forks as sources 
of simple Sdbromotive forces.* 

Various other types of diaphragm recorder have been introduced 
since the phonodeik— e.g. A. E. Kenelly used a tilting mirror 
arrangement described on p. 238. The Hilger Audiometer* is a 
convenient form of sound recorder of the diaphragm type, but this, 
5ike the others, suffers from inconvenient resonances. In this 
device the diaphragm or membrane is an extremely thin film of 
collodion (about 1 f* thick) stretched on a metal ring. A mirror 
of silver or platinum is sputtered (cathodically) on a small area 
of the film half-way along a radius. The total mass of the film 
and its attached mirror is extremely .small and the air damping 
fairly large. Sound waves falling on one side of the membrane 
set it in vibration and tilt the mirror, causing a spot of light to be 
deflected in the direction of the axis of a rotating drum carrying 
a ‘stroboscopic observation strip’ (see p. 242), or a photographic 
film. Various thicknesses of membrane have been used, having 
resonance-frequencies ranging from 80 to 3000 p.p.s. The most 
suitable frequency of membrane must be chosen according to the 
purpose in view. With this apparatus photographic records have 
been made of the sounds of speech and various musical instru¬ 
ments, and of the noises arising frcxn machinery in motion. The 
actual interpretation of the records of noises which include the 
resonant frequencies of the instrument is necessarily a matter of 
(xmsiderable difficulty. 

Nearly all the earlier methods of recording sound made use 
of a diaphragm as the sensitive receiver. In the Scott Konig 
Phonautograph (1859) a membrane actuated b> sound waves 
carried a stylus which traced the vibrations on a smc^ed paper 
carried on a rotating cylinder. The records were not only small 
in size but were considerably distorted by numerous resonances 
and by friction between the stylus and the surface of the paper* 

KSni/s Manometric Capsule (1862) employs a diaphragm to 
receive die sound and fluctuate the pressure of the gas which 
feeds a lighted jet. Nichols and Merritt^f using an acetylene 
flame of increased luminosity, photographed its vibrations when 


Engineering, 117, p. 108, Jan. 1924. ^ Phys, Rev,, 7, 93, 1908. 
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the exciting incinbrane was subjected to the sounds of ordinary 
speech. Alternatively, the vibrations of the flame are observed in 
a revolving mirror. A similar device has been demonstrated by 
E. W. Scripture.* 

In the first Edison Phonogmph (1877) the record of the move¬ 
ment of a diaphragm was made by indentations of a stylus in a 
sheet of tinfoil supported over a spiral groove in a metal cylinder. 
In more recent forms, the vibrations of the diaphragm cause a 
needle to cut grooves on the surface of a prepared cylinder or 
disc. Greatly enlarged copies of such records are obtained 
photographically by uieans of a tracing point carrying a small 
mirror, w'hich reflects a spot of light. Not until recently, how¬ 
ever, have such direct methods of sound recording, with diaphragm 
receivers, proved of value as a means of measuring or comparing 
sound intensities at difTcrenl frequencies. All such methods are 
seriously restricted in application on account of resonance in the 
diaphragm or some other part of the apparatus. 


Electrical Methods 

Improvements in the design of non-resonant electrical receivers 
have led to a considerable development of electrical methods of 
measurement and recording of sound vibrations. Such methods 
have many advantages over the more direct mechanical methods. 
The electrical apparatus is often more sensitive and is more easily 
controlled. ‘Distortionless valve amplifiers’ may be used when the 
sounds are v^ery feeble, and electrical oscillographs having a fairly 
constant sensitivity over a wide frequency range are available for 
observing or photographing the vibrations. Moreover, it is often 
possible in electrical circuits to compensate for defects in the 
receiver— e.g. a troublesome resonance peak or a region of reduced 
sensitiveness in the receiver may be reduced or increased re¬ 
spectively by suitable design of the amplifier circuits. It should 
be pointed out, to avoid misapprehension, that the design of 
mechanical sound-recording and reproducing apparatus (gramo¬ 
phones and loud-speakers) is nowadays proceeding on similar 
lines, with unmistakable improvement. 

Non-resonant receivers such as the Wente condenser micro¬ 
phone, the Marconi Sykes magnetophone (moving coU), the 
piezo-electric crystal and the like are now almost universally 
employed when it is desired to measure or record complex 


* Phys. Sac. Exhibition^ Jan. 8, 1929. 
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vibrations such as are encountered in music and speech. When, 
the sound wave is simple in character, i.e. a pure tone, such 
receivers as the resonant hot-wire microphone, the Webster 
phonometer, the Rayleigh disc, and the Gerlach strip receiver are 
very suitable measuring devices. 

Resonated Hot-Wire Microphone —As a means of comparing 
sound intensities at a particular frequency, this device, in the 
hands of W. S. Tucker and E. T. Paris, has developed into an 
extremely useful instrument of considerable precision. Reason- 
ators of continuously variable tuning are also very valuable in the 
frequency analysis of complex sounds. The instrument and its 
applications have already been described on p. 440, and further 
reference is unnecessary here. 

Electromagnetic and Electro dynamic Receivers have a wide 
application in sound mea.surements. If the sound is a pure note 
the receiver may be resonant, e.g. of the simple clamped-diaphragm 
type. An example of the method of use of such a receiver (of the 
moving-coil type) is given by T. S. Littlcr.* When the receiver 
is placed in a field of sound the diaphragm is forced into vibration 
with an amplitude proportional to the pressure-amplitude of the 
sound wave. The coil, moving with the diaphragm, cuts the 
lines of the magnetic field at right angles, and an e.m.f. is generated 
in it. If the motion of the diaphragm is represented by 

,y=:A cos wt, 

the e.m.f. generated in the coil is 

c~2;rrnNA?t/ sin ivt, 

where N is the flux-density, r the coil radius, and n the .number 
of turns. The moving coil may be connected to the low-resistance 
primary of a step-up transformer, when the mcast red secondary 
e.m.f. is proportional to the sound-pressure amplitude for a con¬ 
stant frequency. An alternative method compares this second¬ 
ary e.m.f. with another known e.m.f. of the same frequency 
obtained from the secondary of a variable mutual inductance. 
The e.m.f.’s to be compared are applied alternately to the input 
of a resistance-capacity amplifier, in the output of "which is a 
rectifying device and direct-current measuring instrument. In 
another arrangement the transformer is replaced by additional 
inductance and a tuning condenser, which gives the required 
voltage-amplification without distortion. 

• Journ. Sd. fnstr^., 4, p. 337, Aug. 1927. 
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Null Method of Sound Measurement —An important princij^ 
to which we have already referred (p. 428) is due to Geriach.* 
The vibrations set up by the incident sound waves in an electro- 
dynamic strip receiver are neutralised in amplitude and phase by 
corresponding vibrations set up in the strip electrodynamically. 
This is achieved by passing a known alternating current, of adjust¬ 
able phase, through the strip until some auxiliary detector (the 
ear or a small microphone which does not draw much enei^ 
from the vibrating strip) indicates that its motion has ceared. A' 
knowledge of the alternating current, together with the electrical 
and magnetic constants of the apparatus, thus enables the observer 
to calculate the mechanical forces acting on the strip. The great 
advantage of the method lies in the fact that the motion of the 
measuring device (the receiver) is neutralised, and therefore it 
interferes as little as possible with the sound distribution in the 
medium. This null method has been called an ‘absolute* method, 
but this description requires some qualification, for the pressure 
\vhich is measured by the receiver is a function of the size of the 
receiver and the wave-length of the incident sound. The mount¬ 
ing of the strip interferes with the sound distribution, and it is 
not easy to determine whether the device measures the actual 
pressure of the sound wave or double that pressure (by reflection), 
or some intermediate value (see p. 462). Apart from such con¬ 
siderations, however, Gerlach’s ‘null’ methed is very valuable, 
and is applicable in principle to all forms of electrodynamic 
receiver. For example, in the Hewlett tone generator (see pp. 169 
and 429), or the Fessenden oscillator, used in reception, the 
motion of the diaphragm can be stopped by a current of the correct 
strength, frequency, and phase injected into the coils-^whence 
the force acting on the receiver is directly calculable. The method 
becomes somewhat invodv'ed, however, if the incident sound 
departs from the simplest case of a pure tone. 

Another important method of ^ound intensity measurement, 
due to F. D. Smith,t in some respects resembles that of Gerlach, 
since it depends upon a balance between the effects produced on 
a sensitive amplifying circuit by the unknown sound wave and 
a known small electromotive force. A moving coil receiver is 
employed, and the received signal, after amplification, is compared 
with, or balanced against, the signal produced by a small known % 

• W^iss, Verbjft. d. Siemens-Komern, 3, p, 139, 1923. 

tPToc. Pkys. Soc., 41, p. 487, Aug. 19M. 

I See ibid., 41, p. 18, Dec. 19^. 
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electromotive force e injected in series with the receiver. When 
the two signals are equal in intensity it is shown that the following 
simple relation connects the total pressure P on the receiver with 
the electromotive force e, 

where H is the strength of the magnetic field in which the moving 
coil (of a length I of the wire) moves, and is the motional 
impedance (see p. 74) of the receiver at the frequency of the 
sound. The choice of indicating instrument, to denote equality 
or balance between the two e.m.f.’s, depends on the frequency 
and intensity of the sound to be measured (a voltmeter, vibration 
galvanometer, or telephones may be used). Since the measure¬ 
ment is independent of the amplifying circuit, it is possible to 
use a high degree of amplification and very feeble sounds may 
therefore be measured. The method gives the total sound 
pressure P on the receiver when it is prevented from vibrating. 
In some special cases, the absolute value of the sound pressure p 
per unit area in the medium can be inferred. If S is the area 
of the vibrating surface of the receiver, then P=:A:/>S, where k 
is a constant which may have any value between 1 and 2 as the 
linear dimensions of the receiver vary from a small to a largo 
value compared ^vith a wave-length of the incident sound.* 

The Reciprocity Method of Calibration of 
Sound Receivers 

An apparently obvious, but nevertheless important reciprocal 
relation between transmitters and receivers of sound waves was 
used by Helmholtz f and subsequently by Rayleigh. | If A and B 
are two points of space between which are situated obstacles of 
any kind, then a sound originating at A is perceived at B with the 
same intensity as that with which an equal sound originating at B 
would be perceived at A. A similar optical law states that if by 
any combination of reflecting or refracting surfaces one point can 
be seen from a second the second can also be seen from the first, 
A further example is the electrical case. If a periodic e.m.f. at 
the end A of an electrical (passive) network produces a current 
at the opposite end B of the network, then the same e.m.f. operating 
at the end B will produce the same current at the end A. This is 
equivalent to saying that the impedance Z of the network is the 
same viewed either from end A or from end B, that is 

Zab**Zba • (1) 

* Ballantine, loc. cit.. p. 462. t Cretle, Bd. 57, 1859. 

t Sound, 1 , p. 154 and 2 , p. 145 (1926 edition). 
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In the reciprocity method of free-field calibration of micros 
phones it is assumed that the above theorem is applicable when a 
part of the electrical network consists of linear electro-acoustic 
transducers in an elastic medium. The principle only applies if 
there arc no dissipation or relaxation effects in the circuit. This 
method of calibration has been described at length in numerous 
papers,* the following brief descriptionf being only intended to 
indicate the principle. 

Let M(=:y/p)be the volts appearing at the terminals of a 
transducer when It is inserted in a field of unit sound pressure, 
and let s{=:p/l) be the pressure at a distance d away from the 
transducer when unit current is maintained at its terminals. Then 
for two arbitraiy transducers I and 2 the transfer impedances 
are M1S2 and M^Si. and since by the reciprocity theorem they are 
equal 

Ml M 2 __ 

"Si"" 



Since the two transducers are arbitrary', J is the same for any 
transducer. It can easily be shown that 

J— od/pf .... (3) 

where p is the density of the medium, and f is the frequency. It 
is important to note that (2) is valid only if L* ^<Cd^ (where 
L is the greatest dimension of the transducer and X is the wave¬ 
length of the sound in the medium). 

Now suppose we have three transducers 1, 2, 3, of which 1 need 
be a transmitter only, and 3 a receiver only, but 2 must be usable 
both for transmission and reception. The transfer impedances 
Z21 Zrs and Z31 are measured and we obtain 


ZaoZgi 

Z 21 


Zg2Z^lS 

Z 12 


M3S2.M1S3 

MiSa 




. (4) 


But J^zMa/Ss, whence M3= \ 

^ Z 21 p/ 

, Z 12 Z 31 h^lS2.M3Si ■»» e J T ^4-1 

Sumlarly 

vz. iz I 

whence Si=: v —® - - and Mi=JSi and so on. 

^32 J 


*See ‘Acoustic MeasureuiciUs', L. 1 a Beranek (puMuhed S. Wileyt* 
1949). , t Hue to P. Vigoureux (unpublte^dK 
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These formulae can be used in the calibration of microphones in 
a free-sound field, in air or in water, over a wide range of fre¬ 
quencies, with the simple precautions mentioned above. The 
impedances Z may of course be conveniently measured in terms of 
voltage and current, whilst the distance d and the characteristic 
radiation impedance pc of the medium are known. E. L. 
Cartensen * has developed a method of self-reciprocity calibration 
of electro-acoustic transducers. Tn this method the transducer 
transmits a short pulse which is reflected back from a large plane 
reflector and the received voltage measured. A simple calcula¬ 
tion gives M and S for the transducer, 

L. L. Beranek {loc. cit.) also applies the reciprocity method to 
the calibration of transducers enclosed in a small cavity or ‘coupler’, 
thus avoiding the use of large anechoic chambers or tanks, as re¬ 
quired in the free-field method. Tn such inea'urenients allowances 
have to be made for diffraction effects and cavity resonances if the 
transducer is to be used subsequently for free-field measurements. 

The. reciprocity method can be used in either liquids or gases 
over a wide range of frequency, requiring measurements of 
electrical quantities only (apart from a distance measurement). 
Microphones used as sub-standards can be calibrated directly by 
this method. 


Sound Analysis 

Non-resonant Receiver : Amplifier: Oscillograph —An* 

investigation of speech sounds by I. B. Crandall t is typical 
of methods of sound measurement and analysis. 

He employed a calibrated Wente microphone (see p. 433) 
coupled to a seven-stage valve amplifier. A s[)ecial oscillograph 
of practically constant sensitivity up to 5000 p.p s. was connected 
to the output terminals of the amplifier. Tiie overall sensi¬ 
tivity characteristic of the system (microphe ne, amplifier, 
and oscillograph) showed that the amplitude of the oscillo¬ 
graph per unit of pressure-amplitude on the diaphragm of the 
condenser microphone remained practically constant up to 5000 
p.p.s., a slight divergence being noticeable at frequencies below 
200 p.p.s. llie reader is referred to Crandall’s original paper 
for details of the resistance-capacity distortionless amplifier, 

* /. Acoust. Soc. Ann*r., 19, 961. 1947. See also S. Byard, Proc. Phys. 
Sec., 61, 478, 1948 ; P. Ebaugh and R. E, Meuser, /. Ac. Soc. Amer., 
10» 695, 1947 ; S. P. Thompson, /. Ac. Soc. Amer., Sept. 1949, 

■f Bell System Techn. Journ., 4, p. 586, 1925. See also E. Lubeke, 
ZeitSt f. Techn. Physik, 10, p. 378, 1929. 
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or to numerous ‘wireless’ publications dealing with similar appar¬ 
atus. A severe test of the accuracy of any recording system is to 
apply a ‘square-topped wave,’ or impulse, and compare it with 
the actual record. Crandall applied such a test to his appar¬ 
atus in the following way. An electrode resembling the back 
plate of the condenser microphone was mounted in front of the 
diaphragm. Between the electrode and the diaphragm was 
applied a high potential which was made alternately positive 
and negative by a commutator. This arrangement produced the 
desired positive and negative displacements of the diaphragm. 
The calculated and observed wave-forms were in all cases found 
to be in close agreement, and indicated by harmonic analysis 
that accurate records could be expected over a range of 80 to 
5000 p.p.s. The apparatus was sufficiently sensitive to record 
sounds spoken in the ordinary tone of voice, with the speaker’s 
mouth about three inches from the microphone. A key was 
pressed by the speaker just before the sound was produced, this 
releasing a shutter placed before a rotating film drum on which 
the record from the oscillograph vibrator was traced. Alongside 
the complex speech record a separate ‘timing-wave’ was recorded 
on the film by means of a vibrator of known frequency. The 
speech records were analysed into Fourier series (see p. 25) in 
order to determine the relative amplitudes and frequencies of the 
component vibrations. 

Somewhat similar methods of recording are described by Max- 
field and Harrison, * who also deal with the mechanical problem of 
sound-reproduction based on the electrical analogy. S. Ballantine 
has used a Wente condenser microphone mounted in a rigid 
sphere to obtain an absolute measure of sound intensity (see 
p. 462). The microphone is first calibrated (see p. 435) by means 
of the ‘pistonphone’ and the ‘thermophone,’ and a correction 
for frequency applied in accordance with the curves shown in 
fig. 127, p. 462. 

Crandall’s work on speech-sound measurement and analysis 
is typical of modem practice in dealing with complex sounds. 
If desired, an independent frequency analysis may be carried 
out by the various resonance methods already described, cw 
by means of electrical harmonic analysers, f Alternatively the 
oscillograjffi record is analysed by one of the many hannonic 

• BeU System Techn. Joum., 5, p. 493, 1926. 

f See Cockroft and Miles Walker, Journ. 63, p. 69. Manufactured 

by H> Tinsley and Co. 
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analysen mentioned by D. C. Miller (sec p. 33). On account 
of the importance of wave*form recording and analysis of cam¬ 
ple* sounds by such methods, it may not be out of place to refer 
briefly to various types of electrical oscillograph in use at the 
present time and to indicate the range of possible application. 

Electrical Oscillographs for Sound-wave Recording and 
Analysis —The name oscillograph was invented by Blondel * to 
denote an instrument for indicating the instantaneous value of an 
electrical current. The moving or indicating system of the oscillo¬ 
graph must be capable of following the current fluctuations 
even when these are very rapid. Progress in oscillograph design 
has consequently followed the lines of diminishing the mass of 
the moving system ; the heavy moving-iron system first used 
by Blondel having been succeeded by the relatively light bifilar 
strip-conductor of Duddell, the conducting quartz fibre used by 
Einthoven, and ultimately the beam of cathode rays, which is the 
ideal ‘massless’ moving element. 

(a) The Duddell Oscillograph f has been described in many text¬ 
books, J particularly in reference to electrical engineering practice, 
but on account of its relatively high natural frequency it has proved 
of value in recording sound waves. The instrument consists of a 
powerful electromagnet NS which produces an intense magnetic 
field across a gap in which lies a bifilar strip of phosphor broi^ze 
carrying the alternating current from the electrical sound-receiver 
(or amplifier), see fig. 131. Between the strips ss is a narrow tongue 
of soft iron which reduces the magnetic reluctance of the gap. 
The alternating current passes up one strip and down the other, 
tlie plane of the strip tilting to and fro in the magnetic field, 
analogous to the rotation of a suspended coil of a galvanometer 
carrying current which alternately reverses in direction. The 
oscillation of the plane of the strips is indicated by a small mirror M 
(1 mm.XO‘3 mm.) attached to both at the midpo.nt and reflect¬ 
ing a spot of light from an arc to a moving film. By means of a 
tensioning device P the natural frequency of the .system may be 
brought up to 10,000 p.p.s. in air, the tension in each strip being 
about 50 grm. In order to eliminate resonance in the strips, the 
clearances at the sides and the channels in which they lie are made 
as small as possible and the space around them is flooded with oil. 


* Lit Lumiire Electrigue, 41, p. 401, 1891. 
t Duddell, British Assoc., 1897, Electncum, 39, p. 636. 
tThe reader should consult Irwin's Oscillographs (Pitman) for a good 
general account of Oscillographic recording. 
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The latter produces some lowering of frequency (about 33 per 
cent.) and renders the system practically dead-beat. This oscillo¬ 
graph may be used without correction up to a frequency of about 
1000 p.p.s. Above this frequency it requires careful calibration 


1 




(By courtesy of Cambridge Inst, Co.) 


and must be used with caution. The instrument at its normal 
frequency is not very sensitive^ requiring rather large alternating 
currents to produce measurable photographic deflections. This 
limits its use to recording sounds of fairly large intensity, or, 
alternatively, con.siderable valve amplification is required. 

(b) The Einthoven String Oscillograph * consists essentially of a 
fine conducting wire or fibre stretched at right angles to a strong 
magnetic field B. Fig. 132a is a diagrammatic view of the 
arrangement and 132b is a photograph of an actual instru¬ 
ment. When a current i passes through the fibre of length I a 
force Bli tends to displace it in the field in a direction at right angles 
to the field and to the fibre. An alternating current produces 
corresponding oscillations of the fibre. The motion of the latter 
is magnified (about 500 times) by means of a microscope objective 
mounted in one pole-piece of the large electromagnet. In the 
opposite pole-piece is a second microscope objective serving as a 
condenser lens to illuminate the fibre for observation and projec¬ 
tion on a photf^aphic film. The light is obscured at regular 
intervals by the spokes of a wheel mounted on the spindlb of 

* See Irwin’s Oscillographs, p. 23. Manufactured by Camb. Inst. Co, 
See also H. B, Williams. Opt, Soc. Amer. Jotirn,^ V, p. 129, Aug. 1924,. 
and is, p. 314. Sept, 19%. 
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a phonic motor controlled by a tuning-fork (see p. 130). The 
resulting record therefore appears with thin white lines, or ‘time 
marks,’ which divide the record into equal periods of lime, for use 
in frequency analysis. The sensitivity of the oscillograph is 
governed by the strength of the magnetic field (of the order 20,000 
lines/cin.”) and the natural frequency of the fibre. The frequency 



(Uy coitrteby of uambrWBe Tnst Co ) 

is controlled by means of a lensioning screw. The thickness of 
the fibre may vary from 1 or 2 m quartz or glass, to 15 or 20 f* 
copper, aluminium, phosphor-bronze or limgsten (1^=10" ^cm.). 
A silvered quartz fibre 2 n diamct(‘r has a mass per cm. length of 
about 10"’ gnn. and an area of cross-section 3‘lXl0“® cm. 
Taking the tensile strength of a quartz fibre as 10”^ dynes/cm. ^ 
(Kaye and Laby’s tables, p. 28) and a safe working limit as 
10 ® dynes/cm. we can deduce the maximum safe tension T,,nx and 
frequency of the fibre. Thus 


T„.ax-3] dynes and 





The upper safe limit of frequency of a quartz fibre of length 
f=:10 cm. would therefore be about 3500 p.p.s. With thin metal 
wires the maximum frequent y is considerably lower than this on 
account of the increased mass per unit length and diminished 
tensile strength. The thinnest fibres of quartz or glass are almost 
critically damped (or dead-beat) in air at ordinary frequencies, 
but this is not the case with the heavier metal filaments. Irwin * 
has described a method of damping the natural vibrations of 


* Loc. cit. 
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an Einthoven fibre by means of a 'resonant shunt.’ The latter 
consists of a condenser G, inductance L, and resistance R in series. 
The best combination of G, L, and R for critical damping has been 
determined by S. Butterworth, A.B. Wood, and E.H. Lsdcey. * The 
shunt constants must be so chosen that the free electrical oscillation 
in the shunt when short-circuited is an exact copy of the free 
mechanical oscillation of the string when short circuit^. This fixes 
the values of LG and R/L for the shunt. The absolute value of L 
depends upon the degree of damping required, small inductances 
giving large damping. For practically undamped strings, critical 
damping is obtained if the coil reactance at the resonant frequency 

of the stiing is equal 
to one half the resis¬ 
tance of the string. 
Subject to such con¬ 
ditions, records have 
been obtained with 




copper or phosphor- 
bronze fibres (14 i* 
thick) which showed 
no trace of the reso¬ 
nant oscillation. The 
damping of a high 
resistance, air-damped, 
silvered quartz fibre is 
relatively simple. The 
resonant shunt method 
of damping a fibre 
makes it possible to 
obtain the maximum 



degree of sensitiveness 
consistent with the 
condition of critical 





damping. If accurate 
records of sound vibra¬ 
tions are to be ob- 


Fio. 133 —OscillofTraph Records illustrating 
damping of Einthoven fibre by ‘ Resonant- 
Shunt ’ Method 


tained the latter am- 
dition is essential, and 
a high, free frequency 


of vibration of the fibre is desirable. Records (a) and (b) in fig. 133 
illustrate the effect of the resonant shunt, when a small voltage was 
suddenly applied (the ‘square-wave test’) to a fibre of frequency 


* Journ. Sci. Instrs^ 4, p. 8 , Qcl 1926. 
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1500 p.p.s. The advantages of the resonant shunt are obvious. 
The shunted record still shows traces of the third harmonic (4500 
p.p.s. of the string ; this is removed, if necessary, by a second shun I 
of the corresponding frequency—see fig. 133(c)). The Einthoven 
oscillograph is frequently used in the analysis of sound waves. It 
is considerably more sensitive than the Duddell oscillograph, and 
consequently may be used to record sounds of reduced intensity, 
or, alternatively, less amplification of the currents from the sound 
receiver is required. On the other hand its upper limit of frequency, 
unless exceptionally short fibres are used, is somewhat low—as we 
have seen a very high value is 3500 p.p.s. for a 10 cm. fibre of 
quartz. 

(c) The Abraham Rheograph * is an interesting example of a 
moving coil galvanometer used as an oscillograph. Abraham * 
succeeded in making the inertia and damping of the moving ccal 
negligible by introducing new electrical forces to balance them— 
the coil being shunted by a special compensating circuit containing 
inductance, capacity, and resistance. The arrangement is particu¬ 
larly suitable for recording instantaneous or impulsive effects. It 
possesses the great advantage of simplicity, and the optical arrange¬ 
ments permit of a fairly large mirror attached to the moving coil. 

Another simple fonn of oscillograph is a modified telephone re¬ 
ceiver of the Brown reed-type (see fig. 97). This device, .sometimes 
described as an optiphone, employs a small optical lever to magnify 
the motion of the tip of the vibrating reed when small alternating 
currents {e.g. from a microphone) are passed through the windings. 
A small oscillograph mirror is mounted by means of rubber solu¬ 
tion across two parallel knife edges about O'l mm. apart One of 
these knife edges is carried by the tip of the vibrating reed and the 
other by a fixed pillar screwed into the body of the telephone. 
Vibration of the reed tilts tlie mirror and produces corresponding 
displacements of a spot of light on a revolving mirror or mov¬ 
ing photographic film. Although its indications are only faithful 
at comparatively low frequencies, this inexpensivi and simple 
arrangement has many u.seful applications. 

(d) Electrostatic Oscillographs - An E.S. string oscillograph for 
recording voltage oscillations has been designed by Ho and Kato. f 
A fine fibre carrying the alternating electric charge lies in a strong 
electrostatic field, which causes the fibre to oscillate with the 
frequency of the electrical supply. A piezo~electric oscillograph J 
(see p. 152) has been designed by the writer, but this is generally 

♦ See Irwi*, Oscillographs, p. 51 ; and loum. de Phys., 4, p. 265, 1909. 

t Manufactured bv Camb. Inst. Co. 

tA. B. Wood, PhU. Mag., p. 631, Sept. 1925. 
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too insen«tive for use in recording sound vibrations of average 
intensity. 

(e) Cathode Ray Oscillographs —For low frequencies (up to 
1000 or 1500 p.p.s.) the Duddell and Einthoven oscillographs fulfil 
a very useful purpose, but they fail entirely at very high frequencies. 
Even at frequencies above 1000 these oscillographs require the use 
of troublesome correction factors involving the relation between 
the natural frequency of the moving element and the impressed 
frequency. The cathode ray oscillograph, on the other hand, is 
equally sensitive at ail frequencies from zero to the highest frequency 
which is conceivable in an electrical circuit; for the cathode ray is, 
after all, an electron in motion, and can therefore execute any 
oscillation which can be performed by other electrons oscillating 
in electrical circuits. As we have seen, the mass per unit len> ih 
of the thinnest qiiartz fibre obtainable is 10“'*^ gnn., whereas .he 
mass of a low-velocity electron is of tlie order 10"^''^ grm. ( /m 
1*772X10^ E.M.U. and c---= 1*59X10 20 E.M.U.). The mechanical 
inertia of a moving electroji is therefore a ciuantity which is entirely 
negligible in comparison with that of a mechanical system such as 
a fine Einthoven fibre or Duddell strip. The first attempt to 
design an oscillograph employing a beam of cathode rays, an 
electron stream, is due to Braun. He made use of the facts 
that a pencil of cathode rays in a vacuum is easily deflected by 
magneli(' and electrostatic fields, and that the rays produce phos¬ 
phorescent and photographic effects under suitable conditions. The 
Braun tube consists, in principle, of a vacuum tube in which a 
stream of cathode rays is produced by means of a high tension 
supply of the order of 50,000 volts. Some of these cathode rays 
pass through a fine tube or pinhole in the anode and thence 
between the poles of an electromagnet and a pair of electrostatic 
deflecting plates. Variations of current in the magnet (or of 
voltage on the deflecting plates) produce corresponding deflections 
of the pencil of cathode rays, which ultimately falls on a screen of 
phosphorescent material fwillemite, calcium tungstate, etc.) and 
is thus rendered visible. Attempts to photograph alternating 
current wave-forms with this oscillograph were unsucces.sful untH 
an automatic method was devised which caused the cathode rays 
to retraverse exactly the same path a large number of times in 
succession. Such a multiple-exposure method is in many cases 
impossible, e.g. if the electrical effect to be recorded is a single 
impulse or an oscillation having a complex wave-form. In such 
cases it is e.ssential that the record should be obtained in a single 
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traverse of the film. The first oscillograph achieving this condi¬ 
tion was designed by M. Dufoiir.* The instrument is essentially 
an improved form of Braun tube ui which the cathode stream, 
produced at a voltage of 60,000, is very intense. With this 
oscillograph Dufour has obtained beautiful records of electrical 
oscillations up to a frequency of 10® p.p.s. Now the electrostatic 
sensitivity of a cathode ray oscillograph is inversely proportional 
to the voltage V accelerating the cathot.le stream, consequently 
Dufour’s instruiticnt is somewhat insensitive. To overcome this 
difficulty Sir J. J. 'I'honisont employed an electrically heated, 
lime-coated filament as the sourte of the catViode stream, and 
accelerating \oltagcs of the order of 3000 volts were found to give 
'satisfactory results. With this apiravalus, used in conjunction 
with a piezo-electric thxiniialinc) receiver, D. A. Keys?; obtained 
records of the rapidly varying pressures of gascoii.s and under¬ 
water explosions. A more rohu.st and reliable form of this type 
of oscillograph was designed by the writer.^ A section through 
one form of this instrumcn! is shown in fig. 134, which, in view of 
the foregoing remarks, will be self-explanatory. On account of 
the relatively low velocity (1000 volts) the cathode rays their 
penetrating power is very low and they are rapidly absorbed by 
the gelatine of ordinary plates. It is advisable, therefore, to use 
plates with a low gelatine, /.c. high silver bromide, content so that 
the maximum amount of energy of the rays may be expeivdcd in 
ionising the silver granules. The ‘spot’ is traNcrscd across the 
photographic plate at a known speed by an elcctrrunagnetic method, 
depending on the finite lime of rise of a current in an inductive 
circuit. Whilst it crosses the platii, the electrical oscillation 
applied to the E.S. deflecting plates produces the necesssary deflcc- 
tif)n at right angle.s and the wave-fonn is recorded on the plate. 
The ‘square-wave test’ to which we have referred above in the 
case of other oscillographs, reveals the great superiority of thi.s 
form over all otliers. A record of a voltage ii slanlaneously 
applied to the deflecting plates Is shown in fig. 13.3 (a), the spot 
traversing the plate in 0*001 second. As far as it is pos.siblc to 
judge, the change from one position to the other is absolutely 
instantaneous, and there is no overshoot. That is, the record is 
perfect from the point of view of recording high-frequency 

* This instrtiniciu is described in a paper by ibe writer, Juurn. I.E.E., 
63, p. 1046, Nov. 1925. f Engineering. i07, p. 543, 1919. 

t Phil. Mag., 42, p. 473. 1921. 

§ A. B, Wfiad, Phy.s. Sor. Proc., .35, p. 109, 1923 ; and Journ. I.E.E,, 
63, p. 1946, 1925. 
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oscillations. The oscillograph is essentially an electrostatic in¬ 
strument, and for that reason is best used in conjunction with 
electrostatic sound receivers, e.g. the piezo-eiectric (Rochelle salt) 



Fig. 134 —Cathode Ray Oscillograph (section) 
(By courtesy of the Physical Society) 


type. A record of a complex, heavily damped sound-impulse 
under water is shown in fig. 135 {d). Fig. 135(c) and (b) are 
similar records of a pure tone and one with superposed hamumics. 
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The voltage-sensitivity of the instrument depends entirely on the 
potential applied to accelerate the cathode rays and on the dimen¬ 
sions of the deflecting plates (length, distance apart, and distance 
from photographic plate). In the records shown in fig. 135 the 
sensitivity was approximately 4 volts per cm. deflection. 

With a condenser microphone, or a piezo-electric receiver, and 
a good distortionless amplifier (e.g. capacity-resistance type) the 
cathode ray oscillograph gives good results. The oscillograph 





Fig. 135 —Cathode Ray Oscillojjraph Records 


itself is quite free from distortion, and the limits of accuracy are 
defined by the imperfections of the receiver and the amplifier. 
As we have seen, a piezo-electric receiver has a very high natural 
frequency, and may therefore be exiiected to give faithful repro¬ 
duction at all frequencies within tlie audible range. Later types 
of cathode ray oscillograirhs operate on lower voltages (300-—1000 
volts). They arc essentially Braun tubes with greatly improved 
focussing arrangcmenls and screen brilliance. With thesQ. tubes 
there is now no difficulty in pbotograpliing in a single traverse 
wave-forms covering the whole audible range of frequencies, 
Roth ‘soft’ and ‘hard’ vacuum types are available with sensi¬ 
tivities of the order of 2 or 3 volts per mm. deflection. The 
‘sealed-off tube with external ])hotographic arrangements is very 
valuable for general purjjoses in recording wavc-fomis and s)iort 
time intervals. 
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Frequency Measurement and Analysis 

The various methods of frequency measurement may be 
classified broadly into ‘absolute’ and ‘comparative.’ 

Absolute Methods —In this class we include all methods in 
which the number of complete vibrations per unit time is deter¬ 
mined by direct reference to a standard clock. All methods in 
which the wave-form is directly recorded on a film crossed by 
standard time-marks are therefore absolute. The phonic motor 
method of counting the vibrations of a tuning-fork (described on 
p. 133) is an absolute method, applicable to electrically maintained 
forks. As we have seen (p. 136), a tuning-fork standardised in 
this way, or driven directly from a standard clock, forms an 
electrical standard of frequency over a range extending up to 
10® p.p.s. The multi-vibrator circuit controlled by such a 
standard fork then becomes a standard of radio-frequency, and as 
such is used to determine the frequencies of quartz piezo-electric 
vibrators, which may then be regarded as substandards (see p. 136). 

A convenient laboratory method of determining absolute fre¬ 
quency is the electrically-driven siren fitted with revolution- 
counting mechanism. The siren note is matched, by the ‘beat’ 
method, to the note whose frequency is required, and the absolute 
frequency delennined from a knowledge of the number of holes 
in the siren disc and the revolutions indicated by the counter in 
a known period of time. 

Comparative Methods —^The frequency of any pure tone may 
be determined by direct comparison with a standard—the latter 
having been checked by an absolute method. I’uning-forks serve 
as frequency standards over the audible range of frequency, and 
in addition to their use as sound sources for such purposes are 
also used to provide ‘time scales’ in comparative records {e.g. 
smoked drum, photographic, etc.). If the frequency to be deter¬ 
mined is sufficiently near to that of the fork, the simplest method 
is that in which the number of beats per second is counted, care 
being taken to observe w'hich has the higher pitch—the standard 
or the ‘unknown.’ This observation is easily made by adding a 
small load to the fork and observing the change in the number 
of beats per second. A number of standard forks may be used 
to calibrate a rnonochord (or sonometer), which may subsequently 
be used as a substandard of frequency having a continuous varia¬ 
tion within the limits of calibration. Graphic methods are fre¬ 
quently employed to compare a standard frequency {e.g. that of 
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a fork) with the frequency of an unknown, and possibly complex, 
sound. If the latter is of feeble intensity it may be received by 
a microphone amplified and recorded by means of an oscillo¬ 
graph, the record being traversed by standard lime-marks. 

Frequency Analysis —The frccpiency-analysis of a complex 
sound is conveniently made by means of a Helmholtz resonator of 
continuously variable tuning (using a piston or a rising water 
surface), and fitted with a sensitive devic<‘ such as a hot-wire 
microphone (see, for cxanqtle, Fage’s analysis of the sounds from 
an airscrew, pj). 200 and 229). I’hr response cuive of the micro¬ 
phone will show a peak at each predorninajit frequency, the latter 
being detennined from the known jiusition of tire piston in the 
resonator. Stem’s ^tonvariator’* is a resonator of continuously 
variable tuning used as a source of sound for coinjrarison of 
frequcncie.s. The frequency of a vibraliiig body may in many 
cases be determined by stroboseopic meilKxls (see p. 240). 
Sound.s of very high (inaudible) freqaeiu'v may be compared by 
‘heat’ or helermlyne methods. The hiuli-frequfuicy sound is 
converted into an electiical (rseillation. and suipeiposed upon a 
second electrical oscillation of variable frequency. After recti¬ 
fication a beat or heterodyne note will b(' heard in the observer’s 
telephone, the frequency of which can he detennined by the usual 
inethcxls. A knowledge of the super) rosed high-frequency 
oscillation and the beal-fre(]uency is sufiicient to determine the 
unknown frequency of the sound. The method of Lissajous’ 
figures may also be applied in the case of high frequencies, using a 
cathrxle-ray oscillogiaph with two pairs of electrostatic deflecting 
plates (mutually at right angk^s) to indicate when the unknown 
and the known frequencies coincide. Frequency may be deter¬ 
mined indirectly by measurement of wave-length, and assuming 
a value for the velocity of sound in the medium through which 
the waves are pa.ssing. For exajnple, to dotennini the frequency 
of a quartz oscillator emitting high-fret]uency sound waves, 
Pierce’s method (p. 274) is veiy convenient. Kundl’s tube 
serves a similar purpose in the case of sound waves of high or 
low frequency. 

An interesting method of sound analysis has been developed by 
G. Barlow and H. B. Keene.f The receiver must be of an 
electrical type. The alternating electrical currents generated by 
the sound waves pass tlirough a direct current galvantmieter and a 

• Deut, Phys, Ges. Verh,, p. 302 1904. 

\ Roy. Soc. Phil. Trans, 222, p. 131, 1922. 
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motor-driven interrupter, of which the speed can be varied over 
the whole range of frequency to be investigated. Generally the 
intervals during which the circuit is open and closed are equal. 
When the interruptions synchronise with any component A sin nt 
of the current, the galvanometer responds by giving a steady 
deflection of magnitude depending on the phase difference. In 
making the analysis, the frequency of interruption is slowly 
increased over the whole range. Barlow and Keene used the 
method to analyse the sounds from a tuning-fork, a voice, an 
organ pipe, diaphragms, and resonators. Using hydrophone 
receivers (microphonic and electromagnetic), they also analysed 
sounds produced under water by ships’ propeller's. 

T. Spooner and J. P. Foltz,* and B. A. G. Ghurcher and A. J. 
King,t have described frequency analyses with tuned circuits, the 
selectivity depending on the sharpness of tuning of these circuits. 
To obtain greater selectivity, however, it seems preferable to use a 
heterodyne method, c.g. of the type suggested on page 491 for 
high-frequency sounds. .Such a method, apjrlied to complex 
sounds of audio frequencies, has been developed by M. Grutz- 
macher.f I’his is often described as the ‘search-tone’ method. 
The complex microphonic currents produced by the sound under 
analysis, after amplification, are heterodyned by sinusoidal 
current of constant voltage and coritinuously variable frequency. 
The combined e.m.f.'s arc then rectified, filtered (by a low pass 
<30 — /sec. filter), and finally passed through the detector. If 
s is the fretjuency of the ‘search tone’ and p a component fre¬ 
quency of the complex sound, frequencies of {s—p ), , 2s and 

2p arc generated, but only the beat frequency (r— p) when less 
than 30 — /sec. passes through the low pass filter to the detector. 
As the frequency of the search tone is gradually increa.sed from, 
say, 100 /sec. to the highest frequency of interest, the fre¬ 
quencies of the components of the complex sound are revealed by 
the detector. Tw'O indications are obtained at each ‘component’ 
frequency, viz. at 30 — /sec. above and below the search tone. 
When the search lone and the component tone are identical, 
{s — p) zero, it should be possible to detect exact tuning by means 
of a sensitive D. G. instmment, if the sound intensity is sufficiently 

• Inst. Elec. Eng. Amer. J., 4«, p. 199, 1929. 

t Inst. El. Eng. f., 69, p. 97, 19;i0. 

t EH.T., 4, p. 533, 1927 ; and Z. /. techn, Phys., 10, pp. 570 and 577, 
1929. See also E. Gerlach, Z. /. techn. Phys., 8, p. 515, 1927 ; C. R. 
Moore and A. S. Curtis, Bell System Techn. Journ., 6, p. 216, 1927. 
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great and the frequency sufficiently steady. H. Salinger* has 
criticised the ‘search-tone’ method of Grutziriacher, and the 
latter has introduced modifications in the circuit arrangements to 
meet the criticisms. 

An interesting method of frequency analysis has been developed 
by Erwin Meye.r.f A carbon rnicrophf'ne receiver, forming one 
arm of a resistance-bridge circuit, is su])plied with alternating 
current —not direct current as is usually the case. The frequency 
.V of the sinusoidal current 1 sin 2‘n',t through the microphone is 
continuously variable, whilst the amplitude T is maintained 
constant. The component frequency p r»f the sound wave^ pit>- 
duces resistance \ariations of the lorm '■ui 2vpt. If R is the 

steady resistance, then the voltage variation acioss the microphone 

is 

K—-sin 27r sill 2ir^t 


This may he written in the form 

R=iTR sin 2-n^t-\ .ifSR.cos 2Tr{y- p)f U ^R-cos 

As the "scairli-toue’ frequency i is varied, at constant current 
I the e.mf. of the dilTerencc lone (\- p) is indicated by a low- 
frequency alternating current instrument. I he latter therefore 
indicates not only the coniponc-nt freqiieiu ies ol the conrplex 
sound as 5 varies, hut also the relative anqiliindes of the component 
tones. J’he summation tone (' \-p] inoduces ik) response in the 
low-frequency A.C. instrument. The seaich tom? r at low fi-e- 
quencies. however, may have some effect, but this is made negligrble 
by a choke in series and a condenn'r in parallel with the indicating 
instrument. With a sensitive mieiophtn.c this method is capable 
of detecting, without ainplificalion, a lamiioneni tone of clTcetive 
picssmc-ampli-mde of only O’l dyne/.sq. cm. Meyer used the 
same principle to lest mieiophones for 'non-lii ear’ drslortijin, 
using a mixture of .tv.o pure tunes to extite the microphone. This 
method of sound analysis has been applied to investigate the 
production of overtones in musical insiiimients, and to analyse 
complex sounds such as the voice, into their simple components. 
Percussion instruments, e.g. the strut k string in the piano, 
produce musical tones combined with noises -the sound spectrum 
is ‘continuous’ whli supeipos«‘d ‘lines.’ The spectrum of a 


E.N.T., 6, p. 293, 1929. 

5, p. 398, 1928 : and Ph^- 
See also F. Eisner, H.F.T. u. Khktroahusiik, 42, 


on '/liiditioTJ,' p. 53, 1931. 
p. 53, 19,33. 
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hammer striking an iron plate is another good example of this 
type, whilst the spectrum of gramophone-needle scratch is ‘con¬ 
tinuous’ with a gradual variation of intensity with frequency. 
The objective analysis of sounds by this method is automatic, the 
galvanometer deflection being photographically recorded. Sounds 
which change rapidly have been analysed by an electrical method 
due to F. Trendelenburg and E. Franz.* 

The methods of analysis hitherto described are definitely 
objective in character- R. H. Galtt has developed a subjectitff 
method of analysis w'hich makes use of the masking effect of the 
sound on a warble-tone source the mean frequency of which can 
be varied continuously. The amplitude of the warble-tone in a 
particular frequency region is increased until it can just be heard 
in the presence of the sound under test. Galt obtained in this way 
‘audiograms’ of city noises in New York, showing noise intensity 
in decibels above threshold as a function of frequency. E. Meyer 
has compared this subjective method with the objective method 
described abo\'e. The agreement is reasonably good considering 
the limitations of the two methods. 

F. Ti«ndelenburg$ has pointed out that objective records of 
wave-form and intensity variations of sounds do not necessarily 
correspond with subjective auditory observations. As we have 
observed (p. 388), the car is insensitive to very low- and very high- 
pitched sounds, and reaches its maximum sensitivity near 
2000 c./sec. The sensitivity of ‘good quality’ sound receivers 
and amplifiers, on the other hand, remains almost constant over 
tiifc whole range of audibility. In the ear also, harmonics are 
introduced at high intensities due to ‘non-linear distortion.’ To 
visualise objectively the response of the ear to sounds, Trendelen¬ 
burg has produced a sound-recording apparatus receiver-amplifier 
with ear-like frequency response, the variation of sensitivity with 
f^lHquency following approximately the curves of equal loudness 
given by B. A. Kingsbury,§ and by H. Fletcher and W. A. 
MunsonjI (see p. 558)—curves similar in general character to the 
lower curve in fig. 1 10a. Applying the method to the low- 
frequency sound of heart-beats and to the explosive noise of a 

• See F. Trendelenburg, Naturwiss., 25, p. 49, 1937. 

ty. Acoust. Sac. Arner., 2, p. .30, 1930. 

tZ. f. techn. Phys., 9, p. 495, 1928, 10, p. .375, 1929 ; Phys. Soc. Dhcn. 
on *Atidition,’ p. 92, 19.31, See also R, H. Galt, /. Acous. Soc. Amer., 2t 
p. 30, 1930. 

iPhys. Rev., 29, p. .588, 1927. 

jl Bell System Techn. Journ., 12, p. 377, 1933. 
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motor-car engine without silencer, Trendelenburg found a 
striking difference between the records obtained by (^i) a unifomily 
sensitive amplifier, and (b) an amplifier with ear-like response. 
In the latter case the records show'ed a very marked bias in favour 
of the higher frequency components of the complex sound, the 
low frequencies (100 c./sec. or so) which are pronounced in the 
record (a) being almost absent in record (h) . As might be 
expected, for sounds of medium frequency (of the order of 1000 
c./sec.), as in cerUiin vowel sounds, the difference Ix^twecn the two 
types of amplifier is hardly noticeable. 


‘Sound' Spectrometers 

Apart from the analysis of complex wavt'-forms of con¬ 
tinuous sounds to which we have already referred, it is often 
necessary to analyse transient sounds whicli may or may not rocin. 
Such sounds may only last for a sho.rt fraction of a second oi may 
continue for several seconds or even longer 'fhey may be very 
complex and non-repelitivc. I’or analysis of such sounds so 
called acoustic spectrometers have been designed. These, in 
effect, are electric A.C. analyses which display the component 
frequencies and relative amplitudes on a cathode ray tube, or in 
some other convenient mariner. I'hc complex sound energy lo be 
analysed is converted without distortion by a suitable transducer 
into electrical energ\’' of the same wave-form. This is fed into a 
frequency analyser covering the required range of frequencies. 
One of the earliest forms of such frequency analysers (The 
Siemens’ Acoustic Spectrometer,’ developed by V. E. Freystadt^) 
covered a frequency-range 36 to 18,000 cycles per second. The 
input signal, after suitable amplification, ,is fed simultaneously 
into a parallel arrangement of 27 fillers, w'itli freouencles log¬ 
arithmically spaced in one-third octaves to cover the hove rangc^r 
A commutator connects the filter sections in turn, through various 
amplifying and rectifying circuits, to the y-platcs of the cathode 
ray display tube, whilst a traversing circuit deflects the spot along 
the AT-axis of the tube at the required number of linear traverses 
per second. The appearance of the c.r. tube, before the signal is 
applied to the input terminals, is a series of equispaced dots. At 
each dot the appropriate filter section is connected for a very brief 
interval before the commutator passes to the next filter section 
• 

• Z. /. techn. Phvs,. 16. .S.3.S, 1935. See also Siemens & Halske. 
Publication No. 755b, Feb. 1937. 
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and so on. On receipt of the input signal each of the series o£ 
27 filters selects its appropriate share which deflects the cbrrespoiul** 
ing spot vertically to a distance proportional to the amplitude, 
component in each frequency band. The pattern on the oscillo* 
graph thus appears as a series of vertical lines which lengthen and 
shorten as the voltages of the corresponding filter sections vary 
(see fig. 135a) . Various forms of this analyser have been made by 
Standard Telephones and Gables Ltd., General Electric Go., etc. 
In one model made by the latter firm the total frequency range 
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covered is 10 c.p.s. to 100 kc./sec. in three sub-ranges each of 
25 one-thiid octaves. Such analysers, or spectrometers, are 
extremely convenient in displaying simultaneously the frequency 
and amplitude of the more important components of a complex 
sound, whether transient or steady. 

For the analysis of ‘steady state’ sounds ih? heterodyne type of 
analyser is often used. This has a band-pass filter of constant 
band width of which the mid-frequency can be continuously 
varied along the frecjjuency scale. This type of analysis is achieved 
by superposing the output of a \'ariable frequency oscillator and 
the input signal, and passing the resultant through a band-pass 
filter, A useful wave-analyser designed by Pametrada-Muirhead* 
differs from the usual heterodyne type. In this case the band¬ 
width of the filter is proportional to the frequency of analysis. 
This feature simplifies the analysis of machinery noise, for example, 
both high and low frequency components of the variable noise 
being more easily measured. The analyser is in effect a tunable 
selective amplifier, there being a choice of five ‘selectivities.’ 
The frequency range of the analyser extends from 19 c./sec. to 
19 kc./sec. 

W. Koenig, H. K, Dunn and L. Y, Lacyf have described an 


*■ Muirhead & Co., Bull, B., 663c. 
tl. Aeons. Soc. Arner., 18, 19, 1946. 
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analyser to enable the deaf to understand speech by reproducing 
it in a visible form, but the apparatus has other applications. A 
magrietic tape record of the speech is analysed repeatedly by a 
heterodyne type analyser. In each traverse the pass band of the 
analyser is moved up, say 200 c.p.s.^ whilst the stylus recording the 
output moves slightly along the drum to make another record. 
In another system the blackening ptoduced by the stylus is 
proportional to sound intensity. The n'sullanl record shows 
lime on the r-axis, fretpicncv on the v-Jxis and intensity in degree 
of blackening. 

An interesting method of staind analysis, described by D, 
Brown,* obtains the acoustic spectrum by diffraction of light 
through the sound-film record. 

Vibration Galvanometers aie often eiuploycd in th^ frecjuency 
analysis of sounds received eleclricallv. If the sound to be 
analysed has a frequency below 200 p.]).s. the Clampbellt vibration 
galvanometer is a very suitable instrument. It consists essentially 
of a small coil of wfire suspended in a strong magtielic field by a 
j)hosphor-brori/e .strip of adjustable tension which controls the 
tuning. The Ducldell \ ibraiion galvanoujeter icspon(l.s to lilgher 
frequencies (up to 1500 jj.p.s.), and consists ol a bifilar conducting 
phosphor-bronze strij) (with minor attached). Adjustments in 
tension and in length provide for a continuous frequency control. 
In both these instruments ihe }>rinci])le. involved is simply that 
of a moving (Oil galvancnneter in which the coil and suspension 
are iuned m^rhonu ally to the fiequency of the current. This results 
in a resonant vibiation, and a spot ol light rellectcd from the 
mirror is drawn out into a continuous band. At resonance the 
band has its maximum length on tlie scale. .A similar instrument 
has been designed by P. RolhwellJ with a number of elements 
of the Campbell type tuned in succession over a range of fre¬ 
quencies. In frequency analysis the alternating elec deal currents 
set up in a microirltone receiving sound weaves are pas.sed thiough 
the vibration galvanometer, the frequency of which is varied con- 
tinu(ju.sly, the width of the light-band being observed at the various 
frequency settings of the instrument. The galvanometers have a 
graduated scale of frequencies, calibrated by alternating currents 
of standard frequencies. U'hcy arc not only useful in frequency 
analysis, but also serve a very uselul purpose in comparing small 

Proc. Phy^. Soc., 51, 214, 1939. 

YA. Campbell, Phil. Mag., 14, p. 494, 1907 ; and Proc. Phys. Soc., 
26, p. 120, 10)3. tJonrii. Sci. Instr.i.. 2, p. 251, 1025. 
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alternating currents of any frequency within the range of the 
instrument. 'That is, they may be used in the comparison of 
sound intejisitu’s if the sound is pure and the receiver generates an. 
clectiical cmront. At a particular freciuency the length of the 
band of light on the scale is proportional to the alternating current, 
the latter being a measure of some function of the amplitude of the 
sound (according to the type of receiver employed). F. B. Young 
and the writer* (in 1916) used a vibration galvanometer to calibrate 
a shunted-telephone system for comparing sound intensities with 
a microphone receiver under water. 

Measurement of the Displacement-Amplitude of a Vibrating 
Solid (Sound Source)—Before leaving the question of measurement 
of sound waves, it may not be inapprojjriate to refer to one or two 
interesting ineth(xls of measuring the displacement-amplitude of. 
a solid surface, such as a diaphragm in vibration and emitting 
sound waves. 'I’he finf. method employs a very simple and 
effective device due to Sir W. H. Bragg.t 
Bragg’'> aniplitudemeter, as it may be 
called, is leally an acceleration meter. 

The principle is as follows. .A small mass 
rn supported by a spring <• i.s brought 
into contact with the vibrating surface, 
and the clamped end of the spring dis¬ 
placed a distance A towards the surface 
(see fig. 136), until there is no longer 
‘chattering’ between llic small mass and 
the vibrator (let u.s say a diaphratrm,'. 

Up to this point the maximum accelera¬ 
tion of the diaphragm, lending to throw 
off the small mass, exceeded the accele¬ 
ration of the mass (under die action of 
the spring) Hoioards the diapbiagm. At 
the point at which chattering jii.st ceases the maximum acceleration 
of the diaphragm is just equal to that of the mass attached to the 
spring. Thus if a and n and A and N represent the maximum 
amplitude and the free frequency of the diaphragm and of the 
loaded spring respectively, ^ve must have maximum acceleration 
an*=(A-|-rt') N^, w'hence u—ANV”^ (when is large cp. with 
K-). 



* Loc. cit. 

t Engineering, p, 777. June 13, 1919 ; and fourn. Sci. Instrs., 6, p. 196, 
June 1929. 
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a very simple relation giving the displacement-amplitude a of the 
diaphragm in terms of the displacement A of the spring and the 
ratio of the squares of the fretiucncies of the loadel spring and 
the diaphragm. If N is small compared with n, as will always 
be the case, the displacement A will be large compared with a, 
the ‘magnification’ being in the ratio n^N^. In practice, the 
chattering is observ'ed electrically, a pointer instrument or a pair 
of telephones being connected in series ^vith a battei-y and the 
‘microphonic’ contact formed between the loaded spring and the 
diaphragm (which must be electrically conducting). The fre¬ 
quency of the loaded spring, if sufficiently low% may be ‘timed* 
directly, or determined by stroboscopic or photographic methods 
if too high for direct observation. For example, if N=1 p.p.s., 
7t=1000 p.ps., and A is found by experiment to be 1 cm., then 
flrrzlD'^crn. The method permits of the measurement of very 
small amplitudes provided the surface is \’ibrating sinusoidally. 
It is important to observ’e. of course, that the measuring device 
is sufficiently light so as not to interfere with the motion of 
the vibrating surface whose amplitude is required. The same 
principle is applicable even at vcr\’ high fretpiencies ivhen it may 
be necessary to replace tlic loaded spring by a vibrator of fairly 
high (audible) fi(?quency. Under sxich rircumstanccs when a is 
very small, A will he rather small al.«o. and great care must be 
taken in making the mca.surernent. 

A special rase is of interest. When objects rest by gravity on 
a vibrating surface, of which the motion tnay bo represented by 
a sin nt. chattering takes place if anr is greater than g, the accelera¬ 
tion of gravity.The weight of the f)b]ert is immaterial provided 
it does not impede the motion of the vibrating surface on which 
it rests. Thus if n (—27rXfT"cquenry) is equal to 10*, and the 
amplitude a is adjusted to the chattering-point we have 
whence a=10'’"cm. approximately. If a quartz crystal of fre¬ 
quency-number n~10* just produces chattering with a particle 
of sands on its .surface, its ani])litudr is al)Ont 10 ’ cm As a simj)le 
means of determining the amplitorh' of sirnisoiddl vibrations of 
this nature Bragg’s rnotlKxI is vei-y valuable. 

The second method, used by Wel?ster,* makes a vibrating surface 
one of the reflectors of a Michelson interferometer, the second 
surface being fixed. T’he di.splacemcnt of the interference fringes, 
photographed as a wavy line, gives a measure of the amplitude 
in tenns of the wavc-lcnglh of the monochromatic light which is 


Antd. Sd, 5. p. 179, 1919. 
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used. H. A. Thomas and G. W- Warren * have recently employed 
a modification of the method to measure the amplitude of small 
vibrations of reeds and diaphragms in ‘loud-speakers.’- The 
interference fringe pattern is observ'ed by eye, and the alternating 
cunent in the loud-speaker is gradually increased from zero. 
When the vibration is very small the fringes become blurred and 
will ultimately disappear, but if the amplitude of vibration be 
increased till the peak value is A/4 ( X being the wave-length of 
the light) they will reappear as a new set of fringes displaced half 
a fringe-width from the initial position. If the amplitude is still 
further increased, the fringes will again disappear and will re¬ 
appear when the maximum amplitude is /4, 3A/4, 4a/4, and so on 
fin general m\/4). A curve may be plotted showing the values 
of current for various integral values of m in 7nX/4. The method 
is applicable when the vibrating body is too light to permit of a 
glass reflector being attached, in this case a thin metal mirror being 
sputtered rathfxiically on the surface. It is important to note 
also that the accuracy of the method is in no way impaired if the 
surface is itot optically flat, the observed effects being independent 
of the straightness or otherwise of the interference fringes. A 
diaphragm or other vibrator calibrated in this way may be em¬ 
ployed as a standard vairce of sound—its absolute amplitude being 
known for various exciting currents. 

Wave-Filters. Electrical and Mechanical 

The passage of an electric current through a long telephone line 
or cable is, in the absence of special precautions, accompained 
distortion of wave-form. This effect is particularly noticeable in 
the transmission of complex wave-forms, as in the case of speech, 
through long lines. Heaviside showed that this distortion .was due 
to the distributed electrical capacity of the line filtering out certain 
components of frequency from the wave during transmission, and 
he suggested the use of inductance or ‘loading coils’ to compensate 
for this distributed capacity. Heaviside’s suggestions were first put 
into practicable form by Pupin and G. A, Campbell-f The latter 
extended Heaviside’s theory and showed how it was possible in 
})ractice to distribute inductance and capacity in electrical trans- 
misrion lines so that certain selected ranges of frequency are 

• Phil. Mag., 5, p. 1125, 1928. 

f Phil. Mag., March 19(X3, and Bell System Techn. Journal., Nov. 1922. 
See also various papers hy Zobel, Caratin, Johnson, Shea, and .others, in 
Bell System Techn. Journ., 1923, 1924 ; G. M. B. Shepherd, Electrician, 
7, p. 399, 1913 ; P. David, Onde Electrique, 5, pp. 5 and 72, 1926. 
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transmitted with negligible attenuation, whHst other frequencies 
are suppressed almost entirely. In the simple form of the theory 
the transmission line is regarded as a repeated network or chain 
of impedances arranged in series and in shunt as in fig. 137. The 



Fio. 127 


current in its passage along the chain from left to right is attenuated, 
some frequencies more than others. Denoting each of the series im¬ 
pedances by Zi and the shunt iiripedanccs by Z:>, we can determine 
the attenuation factor. The line A'B'C'D' in fig. 137 represents 
an ‘impedanceless line,’ for convenience all the series impedances 
being ‘lumped’ in the line ARCD. Denoting tlie currents in the 
parts AB, BC, and CD of the line by and t respectively, 

we must have : current through BB' ..i—and through CC'=: 
im — im+ i> equating e.rn.f.’s acting round the mesh BGC'B' w^e obtain 
Zit;„ -j-Z2(iih — 


or 


that is, 




im im Z 2 


( 1 ) 


Now the ratio of the current in one section to that in the preceding 
one is constant in such a chain system as this, consecpiently we 
may write 

t'w_1 _*01+1_ (2) 

im i'n+ 1 iirn 2 

where X is defined as the ‘propagation’ constant. We may 
therefore write for equation (1) 
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If X is imaginary, the currents in adjacent sections differ only in 
phase. If, on the other hand, A is real, the current is attenuated 
in transmission. In the former case, A imaginary, rosh j\=:cos, X 

(;~\/--0 and 


Jiom which it follows that the limiting valm'K of no attenuation are 
Zi/Zs—O and —4. That is to say, there is no attenuation within 
a range of frequency corresponding to these limits, which therefore 
define the extent of the fieqncnty transmission hand of the net¬ 
work, (This simple theory refers to a resistanceless line, i.e. a 
line free from dissipation loss ) By suitably choosing the values 
of Zi and Za. therefore, it is possible to select a particular fre¬ 
quency range for transmission- -the arrangement acting as a 
wave-filter. There are many types of filter according to the 
choice of Zj and Z-j. We shall now consider three of the most 
important types in which the line is made up of inductances and 
capacities only (resistance being regardt'd as negligibic). 

Type I— fjOw-pass Filters. 7j\—nh and Z^"-—l/nC, induct¬ 
ance L forming the series 
elements, with capacity C 

in the shunts (?r—27rXfrc- ^ __ 

quency N) (see fig. 138), _X_X, 

In this case Zi/Z‘j~T..C»‘'^. Kjq ij8 

when 




1 . 




-'fW- 


z, 

Z: 



7ii —0 : 




where 



ahd 


n— are the frequenev limits of transmission. 


Con¬ 


sequently such a filter transmits all frequeru ies trom zero to a 
frequency of I/ttV^-'C. Above the latter frequency nothing is 
transmitted. The filter is consequently described as a ‘low- 
pass* filter. 

Type II -High-j)as.s Fillers. Zi=i—1/nC, Z^^nL, the series 
elements being equal capacities C and the shunts equal inductances 
L (see fig, 139). Wc have now Zi/Z2--1/«“TC, when 


Z2“ 


Zi 

Za 


.——4 


ni-\/2\/hC. 


0 


ni=: ^ ; 



WAVE-FILTERS 


501 



Fig . 139 


High tcisi 


The filter therefore trans¬ 
mits all frequencies from 
l/4a\/LC to infinity, and is 
consequently described as a 
‘high-pass’ filter. 


and 


Type III (a)— Band-pens Filten. See fig. 140, in which 
Zi—wLi—l//zC] 

~nL2—\/nC2 —'JinjyiPj-J j—^ 

Band Pass 

_ 


Zi 

Z2 


(n^LaCo—1) C 




Fic 


140 


and 


Zi/Z 2=:0 when /ii —l/\''LiC, 
(Li, L 2 , Cl, and all being finite) 


^ when n 2 -~ 

''^2 'CiC2iL,4-4L,) 

Type in(b)— Filters. Another type is char¬ 
acterised by 

I, C,,, ,, ,, In tliis case the shunt ele- 

it 11 — j II j j— ments are made up of in- 

f T *“7 ^ T Band P<iis cluctance L and capacity C 2 

. * -- in parallel, the series elements 

being capacities Cj as before 

(see fig. 141). We now have 


Zi _ C 2 1 

Z2 ~ C“i n^LCi 


when 



ny= 


1 

VLCo* 


When 



wc find 


n2— 


1 

VUC 2 -HC 1 ) ‘ 


In Types III {a) and III (6) it will be seen that the filter transmits 
only between certain finite values of frequency (given by ni/2» 
and na/Sa-). Such an arrangement is consequently described as 
a ‘band-pass’ filter. 

34 
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The foregoing simple examples will serve to illustrate the 
principles on which electric wave-filters are designed. The 
number of possible combinations is, of course, very large, and in 
actual cases ohmic resistance cannot always be neglected. The 
general behaviour of simple low-pass and high-pass filters is easily 
understood when it is remembered that the impedance nL of an 
inductance L increases with frequency, whereas the impedance 
l/nC of a capacity G decreases with frequency. Both the in¬ 
ductance and the capacity have therefore a selective influence in 
regard to currents of different frequencies, the inductance trans¬ 
mitting low and ‘choking’ high frequencies, whilst the condenser 
functions in the reverse manner. Electric wave-filters have been 
extensively used not only in practical telephony, but also in 
laboratories as a means of analysing complex sounds. The 
various sounds of speech, converted by a microphone receiver 
into the corresponding electrical currents have been analysed by 
wave-filters to determine the frequency range which is essential 
to intelligibility. * Other applications of a similar nature are self- 
evident. 

We must now consider the question of mechanical fiUerSy the 
theory of which is in all respects parallel to that of electrical filters. 
The development of mechanical or sound filters is due primarily 
to the work of G. W. Stewart.f A simple example of a filter is a 
Helmholtz resonator with a small ear-6pening which transmits a 
sound wave of one particular frequency only. Cylindrical tubes 
such as those shown in fig. 142 also serve as filters. Type I Irons- 

mitting the resonating frequency of the 
column a h, and Type II, a Quincke 
filter, absorbing that frequency. The 
filters with which we are now concerned, 
however, are somewhat different in prin¬ 
ciple, as they do not depend directly upon 
resonance effects but on the interaction 
Fig. 142 between the successive Jinks in the ‘chain’ 

of a mechanicaJ transmission line (as in the electrical case we have 
just considered). The various sections or links in this chain have 
over-ali dimensions which are small compared with a wave-length 
of the sound passing through them. There seems no reason for 
doubting that every electrical filter has its mechanical analogue,^ 

• See, e.g., E. K. Sandeman, Proc. Nov. 1923. 

t Phys. Rev., 20, p. 528, 1922. See alao F. Canac, Joum, de pkya, 
€t U radium, 7, p. 161, 1926; W. P. Mawn, Phys. Rev., 31, p. 283, 1928. 
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although the latter may not always be practicable. Stewart deals 
with three kinds, analogous to those we have just considered iu 
the electrical case. The following conditions are necessary to 
preserve the electro-mechanical analogy ; (1) The length of any 
selected section of an acoustic ‘line’ or conductor must be regarded 
sufficiently small compared with a wave-length that no change of 
phase occurs within it. (2) Acouitic impedance is defined as the 
complex ratio of the pressure diffesence applied and the rate of 
change of volume displacement (analogous to the complex ratio 
of applied p.d. and current in the alternating electrical case). (3) 
The algebraic sum of the volume displacements at any junction 
of lines is zero (the equivalent of Kirchhoffs first law). Com¬ 
paring electrical and mechanical equations (see p. 71) we have, 
in the usual notation 

LQ+RQ4Q/G=E cos 7 it (electrical) ^ 
and l (^) 

m3ccos nt (mechanical) ^ 

The latter equation, when wc arc dealing with uuiume changes 
(S;i:), must be written 

m . r _ s 

+ ■ ■ ‘ 

where S is the area subjected to a force and a linear 

displacement x. Comparing equations (a) and (.b) in the case of 
a system having inertia only, and regarding p in (&) as the equi¬ 
valent of E in {a)j we find m/S^ = L—that is, the ineitance m/S^ is 
equivalent to the inductance L ; and in a system having stiffness 
only s/S^— \Jc that is, the compliance is equivalent to the 
capacitance C. Substituting for inductance L and capacitance C 
these values of the inertance and compliance, in our equations for 
electrical wave-filters, we obtain the analogous --quations for 
mechanical filters. The mechanical values of Zj and when 
both inertance and compliance arc present, arc obtained as in the 
electrical case. Thus, compliance and inertance in series (e.g. 
in a Helmholtz resonator) have a mechanical impedance Z given by 

S2 " nS^' 

In a Helmholtz resonator the mass m is that of the air-piston 
in the neck {m=pSil) and the stiffness s is that of the air in the 
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cavity {xrrSgS/j). It is a simple exercise to prove that the fie- 
quency N is that obtained by other methods in equations (12), 
p 198 (remembering that the corresponding electrical frequency 
N=l/27rVLC). 


Construction and Test of Mechanical Filters of the Three 

Types— Stewart * states : '‘Low-pass filters were made, for 
example, by two concentric^ cylinders joined by walls equally 
spaced and perpendicular 
to the axes. Each cham¬ 
ber thus formed had a 
row of apertures in the 
inner cylinder which 
served as the transmission 
tube. In one ca.se the 
volume of each chamber 
was 6*5 c.cm., the 
radius of the inner tube 
1*2 cm., and the length 
between the apertures 
1 • 6 cm. A chamber and 
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frequency I log scale j 

Fig. 143 

one such length of the inner tube is called a section. Four such sec¬ 
tions were found to transmit 90 per cent, of the sound from zero to 
3200 p.p.s. approx., where the attenuation became very high.” Other 
similar filters of different dimensions showed transmissions having 
wider or narrower frequency langes. The general construction 
of the low-pass filters and the experimental transmission curve 

are shown in fig. 143. 

‘High-pass filters were 
made with a straight tube 
for transmission and short 
side lubes, for example, 
0*5 cm. long and 0-28 
cm. diameter, opening 
through a hole with con¬ 
ductivity 0-08 into a tube 
10 cm. long and 1 cm. 
diameter. Six sections of 
such a filter would trans¬ 
mit about 90 per cent, of 



frtqueneg (log. sealtf 
Fig. 144 


sounds above 800 p.p.s., but would refuse transmission to sounds of 
lower frequency.” The cross-section of a simple two-section filter of 
this type, with its transmission curve, is shown in fig. 144. 

* Loc. tit. See also V, L. Hartley, Engineer, 143, p. 624, 1927, 
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Singtfi band-pass fUters are a combination of the other two types, 
having side tubes leading to chambers of considerable volume. 
Such a filter and its transmission characteristics are shown in 
fig. H5. The agreement with theory is fairly good, for it is 

possible to construct filters to 
meet certain specified condi¬ 
tions. In the laboratory, 
fillers may be used in the 
elimination of undesirable 
components in a sound wave, 
and for certain types of sound 
analysis, e.g. in observations 
relating to the intelligibility 
of speech. A filter has the 
advantage over a resonating 
device in that it is able to 
select a frequency-band of adjustable width. Regarding its 
practical usefulness, the filter has direct application to the 
gramophone and wireless telephone in the removal of un¬ 
desirable frequencies, e.g. needle-scratch or microphone and 
valve noises. Stewart suggests also that the device makes possible 
the simultaneous reception of an indefinite number of radio 
messages with the same antenna. Filters have also an application 
in the design of megaphones for use with loud-speaking devices. 
Maxfield and Harrison * have made use of the electrical analogy 
in the design of mechanical sound reproducers (the gramophone). 
The introduction of the filter phenomena may ultimately affect the 
design of musical instruments. 

A difficulty which is inherent in mechanical filters is due to the 
continuous structure of the medium within the transmission 
line.‘ The inertia and stiffness factors are not so definitely 
'lumped* as in the analogous electrical case. Dissipa ion effects, 
due to the viscosity in the small holes and side tubes, cannot be 
ignored- In a later paper Stewart f takes these factors into 
account to explain certain experimental observations of multiple 
resonance effects in filters—accounting for certain cases of failure 
of the low-pass filter to suppress very high frequencies. 

The propagation of compressional waves in a structure con¬ 
sisting of alternate layers of two different media, either fluid or 

* Bell System Techn. Journ., 5, p. 493, 1926. 

\Phys. Rev., 25, p. 90. 1925. See also Peacock, Phys. Reu., April 
1924. 
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solid^ has been studied theoretically by R. B. Lindsay, C. R. Lewis, 
and R. D. Albright * They find that such a structure behaves 
like a low-pass filter. The problem is shown to be analogous to 
that of the propagation of acoustic waves through a tube con¬ 
taining alternate constrictions and expansions. In a series of 
papers R. B. Lindsay f and his collaborators have dealt with the 
filtration of elastic waves in solid rods. The rods are loaded at 
equal intervals by equal heavy masses, or by flexible membranes. 
In the former case the loaded rod is found to act as a low-pass 
filter. As the frequency increases there are alternate trans¬ 
mission and attenuation bands. The torsional and compressional 
waves in rods having solid rods for side branches are also con¬ 
sidered. The theory for infinite rods is modified for rods of 
finite length and the theoretical results verified by experiment. 
Lindsay has also dealt with the general case of finite acoustic 
filters, computing also the phase change between successive 
sections in a filter. The theory is in reasonable agreement with 
experiment. A simple theory of acoustic filters has been developed 
by E. J. Irons t which predicts ‘cut-ofT frequencies in agreement 
with Stewart’s experimental results. A mechanical model 
illustrating a band-pass filter has been described by G. D. West§ 
The model consists of a series of equal masses suspended from a 
rigid bar on equal lengths of flat spring, the masses being also 
connected together by a flexible rubber cord. Very low and very 
high frequencies are not transmitted. The theory of the model 
is given and physical analogies pointed out. 

Attempts have been made to apply the theory of acoustic filters 
to the improvement of exhaust silencers of motor vehicles. 
K. Schuster and M. Kipnis |{ found that the type of filter most 
suitable for this purpose consisted of four long tubes connected in 
parallel, each tube having small lateral holes at 5-cm. intervals, 
and the whole surrounded by a lead tube lined with damping and 
heat-insulating material. This type of silencer was found to be 
distinctly better than the \isual ‘baffle’ type. A. H. Davis ^ has^ 
dealt with the theory of silencers for engine exhausts, two types 

• Acoust. Soc. Amer. J., 5, p. 204, 1934. 

‘fAcoust. Soc. Amer. /., 4, p. 155, 1932 ; 5, p. 196, 1933 ; 8, p. 44, 
1936 ; 8, p. 211, 1937 ; 10, p. 41, 1938. See also Stewart and Lindsay, 
Acoustics^ Chapter 7 (Chapman & Hall). 

tJ. Sci. Inst.f 8, p. 89, 1930. 

^Phya. Soc. Proe:^ 46, p. 186, 1934. 

\\Ann. d. Pkyaik, 14, p. 123, 1932. 

f PhU. Mag., 16, p. 787, 1933. 
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being considered ; (1) the usual type in which the consecutive 
chambers are connected by perforated baffle plates, and (2) the 
type in which they are connected by tubes- The theory, which 
assumes an ‘infinite’ baffle, shows that both types are low-pass 
filters, the cut-off frequency in certain examples being about 
100 c./sec. 


Logarithmic Sound- Level Recorders 

For many purposes it is convenient to record variations of 
sound intensity over a wide range by means of a logarithmic or 
decibel recorder. An instrument of this type was made by 
Neumann and described in a paper by H. J. v. Braunmiihl and 
W. Weber. * In the Neumann logarithmic level-recorder the 
signal from a microphone, receiving the sound to be measured’, is 
applied to a logarithmic potentiometer. After A.C. amplification 
and rectification the electrical signal passes through a D.G. 
amplifier to a bridge circuit. The out-of-balance current of this 
bridge is applied to an ingenious mechanism which derives its 
motive power from a synchronous motor driving tw'O iron driving- 
discs, surrounded by magnetising coils, and an iron fork which 
qian move longitudinally under the driving action of the discs. 
Movements of this fork are transmitted by mechanical linkage (a) 
to the sliding contact of the ‘log’ potentiometer and (.b) to the 
recorder, a steel stylus marking on waxed coloured paper. The 
moving mechanism has a fairly rapid response, variations of 
30 db-/sec. being recorded. The Neumann recorder has been 
extensively used where db. variations of signal are to be recorded. 
For example recording the frequency response of loud-speakers, 
modulation, decay of reverberation, etc., are some of the numerous 
applications. 

More recently P. V. Breul and U. Ingardf have described 
another type of log-potentiometer recorder in which an electro¬ 
magnetic arrangement replaces the iron discs and fork of the 
Neumann instrument. An out-of-balance current in the bridge 
circuit causes current to flow in a coil which has a translational 
motion in a constant radial magnetic field. The movements of 
the coil are transmitted to the potentiometer slider and to the 
recording stylus as before. It is stated that this recorder^ can 
record faithfully intensity variations of 1500 db./sec., with a 
maximum writing speed of about 100 cm./sec. 

*E.N.T., 12, 223, 1935. See also M. Gowwinkel, Akust. Z., 7, 104^ 
1942. t/- Soc. Amer., 21, 91, 1949. 

t Types 2301 and 2304. Manufactured by Breul & Kjaer 
(Copenhagen). 
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TECHNICAL APPLICATIONS 

In the pre^nt section it is proposed to deal with a few of the 
more important technical applications of the principles of sound, 
apart from those already mentioned. The 1914 and 1939 wars 
stimulated the development of apparatus for detecting, identifying, 
and locating sounds at long ranges. Many forms of directional 
sound-receivers, sound-ranging, and signalling devices were 
realised and applied to urgent practical problems on land and sea. 
Since that period these methods have been applied for more 
peaceful purposes, e.g, echo depth-sounding, surveying, and 
navigation- Considerable advances have also been made in the 
study of the acoustics of buildings, initiated by the work of Sabine- 
The phenomena of piezo-electricity, discovered in 1880 by 
Curie, have developed into a means of standardising mechanical 
and electrical frequencies up to millions of vibrations per second. 
In this respect, also, improivements in tuning-forks and phonic 
motors have played an impjortant part. Another important 
application of piezo-electricity, initiated by Langevin and 
developed by Boyle, employs the supersonic oscillations of quartz 
in depth-sounding at sea and in the echo-detection of icebergs. 
Progress in our knowledge of piezo-electricity and magneto¬ 
striction has led to the development of new materials and 
techniques for use in ultrasonic research, and their application 
in physics, chemistry, biology, medicine and industry. The 
growth of radio-telephony and ‘broadcasting* has stimulated die 
development of improved methods of reproducing sounds of 
audible frequency. The elimination of objectionable resonances 
fnrni gramophones and ‘loud-speakers’ represents an important 
step in the reproduction of speech and music. The study of the 
characteristics of speech and hearing, notably the work of the Bell 
Telephone Laboratories, U.S.A., has not only increased our know¬ 
ledge of these subjects but has proved of great value- in the 
improvement of telephone apparatus, microphones, transmission 
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lines, etc., and in the design of ail forms of sound-reproducing 
mechanisms. In this respect also the introduction of the concep¬ 
tion of acoustical impedance and the mechanical-electrical analogy 
of filter circuits, has proved of great value in dealing with complex 
mechanical systems. The problem of reduction of traffic and 
aeroplane noise has become increasingly insistent, and much 
progress has been made in the measurement and reduction of 
such noise. 


Measurement of Distance by Sound 

The principle involved in the most direct method of measure¬ 
ment of distance by means of sound waves is the converse of that 
employed in the determination of the velocity over a measured 
base line. Provided the velocity of propagation c is known, the 
unknown distance d between two points is determined by the 
time-interval t taken by the sound to travel from one point to 
the other, then d=:ct. For example, if two microphone receivers, 
A and B, are situated a distance d apart, and are connected 
electrically to a recording device, e.g. an Einthoven oscillograph 
with time-marker, and a sound wave takes 5 seconds to traveS 
from A to B, the distance apart of the microphones will be 5500 
feet, assuming 1100 ft./sec. to be the value of the sound-velocity 
in air at the time of the experiment. A modified form of the 
method requires, under certain circumstances, only one receiver. 
In this case, which we shall describe as the refiection method^ the 
sound wave after passing the receiver A subsequently falls on 
a reflecting surface and the returning wave passes A again after 
an interval t~2dfc, where d is the distance of the receiver from 
the reflector. The direct method of determining distance ■ is not 
always possible, however, and another method, also very familiar, 
may be used instead. We shall describe this alternative as the 
differential velocity method —it is sometimes called the ‘synchronous 
signalling' method.* Two sets of waves initiated at the same 
moment travel outwards with different vehicles. An observer 
at a distant point receives the high-velocity V\ wave first, and 
after a measurable time-interval t he receives the wave of lower 
velocity V 2 . The distance d of the observer from the source is 
consequently derived from the simple relation— 

“wjs ~ Vi 


* See J. Joly, Phil. Mag., 36* p. 1, 1918. 
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If the velocity Ui is very large compared with the velocity i; 2 , the 
relation simplifies still further to t=id/v 2 . The waves need not 
necessarily be of the same type— e.g. those of high velocity 
may be electromagnetic waves (light or ‘wireless’) travelling with 
a velocity of 3X10® metres/sec. compared with the velocity of 
sound of the order 3X10^ metres/sec. in air or 1 *5X10® metres/sec. 
in water. This case corresponds to that of all the earlier methods 
of measuring the velocity of sound in air (p. 250) or in water 
(p. 261), in which a flash of light signals to the distant observer 
the instant of firing a gun or a charge of explosive. Strictly 
speaking, the observ’er sees the flash slightly after the instant at 
which it (x;curs, but the error involved in the estimation of the 
distance is only that due to neglecting 10"® in (10 *—10 *), an 
error which is quite insignificant. As we shall see, this principle 
has been extended to a very important method of locating a 
simultaneous source of sound and ‘wireless’ waves. The two sets 
of waves may alternatively be of the same nature but travelling in 
different media with different velocities. Thus sounds may be pro¬ 
duced simultaneously in air and in water, the velocities Vx (water) 
and 1^2 (air) being of the order 333 and 1500 metres/sec. respectively. 
In such a case the distance d reduces to (f~430t metres, approxi¬ 
mately, when t is measured in seconds. If the sound wave in air 
were replaced by a light flash we should have /fnrlSOOt metres. 

We shall now consider a few of the important technical applica¬ 
tions of these simple principles. 


(A) Echo Depth-Sounding 

The process of measuring the depth of water beneath the keel 
of a ship has, from time immemorial, been described as ‘sound¬ 
ing.’ Until comparatively recent times this operation has been 
performed by the simple and direct method of the lead-line. 
Latterly this has been replaced on the larger ships by the well- 
known Kelvin sounding machine in which a weighted wire, 
carrying a ‘chemical tube,’ closed at one end, is lowered to the 
bottom. The depth of water is estimated from the amount of 
compression of the air enclosed in the tube ; the encroachment 
of the sea-water up the tube being indicated by the chemical 
action on the material coating the inside of the tube. 

These methods, involving the use of a weighted line, require 
a ship to reduce speed to something below eight knots ; this in¬ 
volves expense and loss of time. Again, in hydrographic surveys 
it is often necessary to take soundings in vciy deep water. Such 
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operations are very slow and tedious ; a single sounding in 3000 
or 4000 fathoms might take several hours to carry out satisfactorily. 
The risk of long wires breaking under such conditions^ and the 
errors arising from uncertain knowledge of currents at varying 
depths, make observations of this nature somewhat unreliable. 
It is not inappropriate therefore that the method of sounding 
by wire should be replaced by sounding by sound waves. This 
method involves the simple principle of measuring the time 
interval for a sound wave to travel (with known velocity) from 
the surface to the bottom and back again. The velocity of sound 
in the sea under varying conditions of salinity and temperature 
is known w'ith considerable accuracy (see p. 264). The echo 
method of sounding results in a great saving of time and is in 
every way much more convenient than the old ‘lead’ or ‘wire’ 
methods. A sounding in 4000 fathoms takes about 10 seconds 
compared with several hours by the Kelvin sounding machine, 
and the observations of depth can be made whilst the ship is in 
motion, up to 15 or 20 knots. Moreover, the soundings may be 
indicated on a graduated dial or recorded on a strip of paper wliich 
thus reveals the contour of the sea-bed. 

Echo depth indicators and recorders may be divided into two 
main classes ;— 

(1) Low' frequency, sonic, systems ; and 

(2) High frequency, supersonic, systems. 

In both of these types the soundings may be observed aurally or 
visually (by means of indicators and/or recorders). The various 
methods of echo sounding are also distinguished by the means of 
measuring the time interval between the transmission of the 
sound-impulse and the arrival of the echo- In all cases it is 
essential, for sounding in shallow water, that the duration of the 
sound impulse must be very short. In deep water this require¬ 
ment is not so important. 

(1) Low Frequency, Sonic, Systems, (a) Fessenden System — 
One of the earliest systems was due to R. A. Fessenden.* The 
sound transmitter was the Fessenden oscillator (see p. 428) which 
emitted a short sound-signal at ‘zero’ time, the echo being 
received by a carbon granule microphone attached to a diaphragm 
on the ship’s hull. The time interval was measured as a fraction 
of the known time of rotation of a commutator which operated the 
transmitter at the ‘zero’ position. This method suffered from 


* 1I.S. Patent No. 1217585. 
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two serious defects : (i) the sound source was unsuitable—a very 
sharp heavily damped impulse being required instead of the 
slowly rising continuous oscillation of the Fessenden oscillator, 
and (ii) the receiver was in circuit the whole time and con¬ 
sequently picked up much extraneous noise which dbscured a 
weak echo. 

(b) Angle of Reflection Method * —A system developed in 
America measures the depth by obsers-ation of the angle of 
reflection of a continuous sound wave transmitted from one end 
of the ship {e.g. a Fessenden oscillator or the propeller noise) and 
received at the other end. For obvious reasons the method 
becomes inaccurate in very shallow and very deep water. 

(c) Stationary Wave Method —lliis depends on a measurement 
of the phase of arrival of the echo relative to the transmitted 
sound (500 to 1500 c./sec.) ■ The method has been used in shallow 
water, but is now only of academic intenest. 

(d) The ‘Behm* System —The sound source is an electrically 
fired detonator under the water surface- In its earliest form the 
intensity of the echo was mea.sured, but this was later abandoned 
in favour of a simple method of measuring the time-interval. In 
the later form, the firing of the detonator released a spring-driven 
rotary timing-disc which was suddenly stopped by the arrival of 
the echo. 

(e) The British Admiralty System f—In some respects this 
resembles the Fessenden system, but it provides a remedy for 
the two main objections to that method, viz. {I) the sound impulse 
is short, intense, and heavily damped, and (2) tlie received echo is 
practically the only sound heard at the correct depth-adjustment. 
The source of sound is a steel diaphragm struck by an electro- 
magnetically operated hammer at the zero position of a revolving 
commutator. The observer’s telephones are short-circuited 
except for a brief period (about 1/300 sec.). The ‘phase’ of this 
short listening-period can be set at will anywhere I'Ctween ‘zero’ 
and ‘full scale.' The time unit is one revolution of the com¬ 
mutator, depths being measured as fractions of this unit and the 
scale being graduated in fathoms. This type of echo depth- 
sounder is useful up to 200 fathoms, and when fitted with a more 
powerful Pneumaiically operated hammer has been used in 

* Various methods of echo-sounding are dt‘?crilM;d by H. t'.. Hayes, 
Journ. Frank. Inst., 197, Mar. 3, 1924. See alto ‘Echo Sounding,’ Intern. 
Hydr. Bureau, Spec. Pubns., No. 3, 1924. and No. 14-, 1926. 

t Se« F, E. Smith, Proc. Roy. Inst,, 24, p. 342, 1924 ; al^o Admiral 
Douglas, Roy. Geog. Soc. /., 74, No. 1, p. 47, 1929. 



514 


MEASUREMENT OF DISTANCE BY SOUND 


oceanic depths up to 4000 fathoms. The eclio sounder may be 
fitted with a recorder of the type used with a later form of high- 
frequency Admiralty echo sounder (see p. 516). 

(f) The Fathometer —The echo depth-sounder developed by the 
Submarine Signalling Company utilises either a Fessenden 
oscillator or a struck diaphragm as the sound source and a carbon 
microphone as the receiver. The depth is indicated by means of a 
small noon tube travelling round a graduated circular scale. As 
the tube passes the zeio position the transmission occurs, and 
whilst the sound travels to the sea-bed and back to the receiver 
the neon tube moves a definite angular distance round the scale. 
When the echo reaches the receiver the neon lamp flashes and the 
depth is indicated on the graduated annular .scale. This occurs 
at every revolution of the kami). 4'hc ‘Fathometer’ .system, as it 
is called, may also be fitted with a depth recorder. 

(2) High Frequency, Supersonic, Systems.—In this case the 
sound transmitters and receiv'ers arc tuned to frequencies of the 
order 15 to 50 kc/sec. At these frequencies directional sound 
beams are produced, and the greater part of the sound energy 
transmitted and received is directed to or from the sea-bed. Two 
systems are at present extensively used, viz. the Langevin- 
Florissson-Chilowsky and the British Admiralty Systems. 

(a) The Langevin-Florission-Chilowsky Echo Depth Sounder* 
is the earliest form and utilises the quartz piezo-electric oscillator 
described on p. 153. The method is based on a suggestion made, 
at the time of the Titanic disaster in April 1912. by L. F. Richard¬ 
son who proposed a use of a beam of supersonic waves to detect 
submerged objects such as icebergs or wrecks by ‘echo.’ The 
achievement of this idea was made possible by the development of 
Langevin’s high-frequency piezo-electric oscillator. The ■ latter 
consists of a ‘sandwich’ of quartz slabs cemented between steel 
plates which tune the mechanical system to the desired frequency, 
say 30 to 50 kc./sec. The semi-angle of the primary conical 
sound beam emitted, or received, is given by sin ' ^ (r22\/D); 
thus at a frequency of 30 kc./sec. the wave-length A is about 

• Developed by the Marconi Sounding Device Company under the 
description of ‘Echoraeter.’ See Intern. Hydr. Bureau, Spec. Pubna., 
‘E<dio Sounding,’ No. 3, 1924, and No. 14, 1926 ; Hydrographic Reo., 
11, p. 25, 1934 ; J. A. Slee, IE.EJ., 70, p. 269, 1932 ; C. Florisson and 
F. Veechiacchi, Congris Int. dElectridte, Paris, Sect. 12, Rapp. No. 8, 
1932 ; C. Floriwon, Soc, Beige Elect. Bull., S2, pp. 165, 263, 339, ; 

E. Lubeke, Zeits. des Ver. deutsch. Eng., 71, p. 1245, 1927, and Naturuiss., 
14, p. 239. 1930, 
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5 cm., and if D is 30 cm., the semi-angle of the sound beam is 
12 degrees. High-voltage oscillations are produced by means of a 
upark oscillatory circuit tuned to the desired frequency. On 
applying these high-voltage oscillations to the quartz sandwich, a 
single train of damped high-frequency waves is emitted from the 
transmitter. This damped signal after travelling to the sea-bed, 
W'here it is reflected, returns again to the quartz oscillator. During 
the short interval in which this occurs a switch connects the 
oscillator to the receiving circuit. The tiinc-interv'al between the 
emission of the signal and reception of the echo may be either 
observed visually on a scale of depths or may be directly recorded. 
In the visual method a spot of light reflected from an oscillograph 
mirror traverses the scale at a uniform speed, the ‘transmission 
impulse’ at zero time, and the echo impulse a little later, each 
producing a small deflection of the light spot at right angles to the 
time base. The graduation of the scale of course depends on a 
knowledge of the velocity of sound in the water and the speed of 
traverse of the light spot. 

(b) The British Admiralty Magnetostriction Echo Depth 
Recorder* —In this system the high-frequency sound signal is 
produced and the echo received by magnetostriction oscillators. 
One of the simplest types of oscillator is of annular form and 
consists of a pile of annealed nickel stampings supplied w'ith a low 
impedance toroidal winding. This is mounted concentrically in 
a conical air-filled reflector about 12 inches in diameter (see 
fig. 146 a). The piles of stampings are alike in both transmitter 



FlO. ,i 46 a—S ection of Ring Type Oscillator mounted on rcHector 


and receiver, and vibrate radially at a frequency approximately 
equal to the velocity of sound in nickel divided by the mean 
circumference of the ring. Thus nickel stampings of mean 

* A. B. Wood, F. D. Smith, and J. A. McGeachy, Bribsh Patent 
375375, and I.E E’ Jown., 76, p. 550, 1935. 
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diameter 10 cm. have a radial frequency of 16 kc./sec. approxi¬ 
mately- It is immaterial whether the stampings are piled loosely 
or arc consolidated by insulating cement. The transmitting 
oscillator is excited by the simple method of discharging a con¬ 
denser of suitable capacity and voltage (say 6 microfarads at 100 
Lo 1000 volts according to depth) throijgh the low impedance 
winding. In this way large cunents are flashed momentarily 
through the oscillator, which is set into resonant oscillation and 
emits a damped train of high-frequency vibrations. The reflector 
directs this damped high-frequency impulse through the hull 
plating of the ship towards the sea-bed. The echo returning to 
the receiver is collected by the directional reflector, in which is 
mounted a similar nickel oscillator. In the receiver the oscillator 
is initially magnetised, by flashing a large direct current through 
its winding. The high-frequency alternating pre.ssure in the 
echo impulse produces radial stresses in the nickel which i-esults 
in correspondir»g magnetic alternations. The latter induce cur¬ 
rents in the winding, which are amplified, rectified, and recorded 
by means of a chemical recorder of special design. The motor 
which drives the recorder also controls the instant of transmis.sion 
of the sound signal, so that the traverse of the recording stylus is 
synchronised with a regular sequence of sound signals. Whilst 
the sound signal travels to the sea-bed and back to the receiver 
the recording stylus traverses a proportionate distance across the 
chetnically prepared recording pap«ir. The latter is moistened 
potassium iodide-starch paper, through which the rectified 
receiver currents are passed, every flash of current producing a 
violet-brown stain. Two stains are recorded at each traverse, one 
corresponding to the zero instant of transmission and the other to 
the instant of arrival of the echo. As the ship proceetfe on its 
course at normal speed a continuous record is made which 
delineates the cross-section of the sea traversed by the ship. If 
required, depth lines are also automatically recorded to indicate 
the depth at any period of the record. The general arrangement 
is shown diagrarnatically in fig. 146b. Echo depth-recorders 
of this type are fitted to a large number of ships and have proved 
serviceable over a very wide rarjge of depths—from a few feet to 
thousands of fathoms. Specimen records are reproduced in 
fig. 147- The magnetostriction transmitter and receiver when 
fitted in a ship may be quite close together. It Ls unnecessary to 
cut the hull, for the sound is transmitted, from a water-filled tank, 
throu^ the hull to the sea; similarly the echo passes through 
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tlie hull-plating in to the water-filled receiver-tank. The whole 
system is tuped mechanically and electrically to a high Irequency 
(16 kc. or thereabouts) and is consequently insensitive to ex¬ 
traneous noises of other frequencies—this is a very important 


TWNSMiTTiHfi •tev- 



> 



Ftc. 146B—Schematic arrangement of Fcho Depth-Recorder 


feature in a ship in which engine noises, water noises, etc., are 
soinetiines very serious. The depth recorder was primarily designed 
for hydrographic surveying and for navigational purposes, for 
which it is eminently suited. Other applications, however, are 
the location of ‘fishing holes’ and shoals of fish,* and of wrecks 

* See 0. Sund, i\ature, p. 953, June 8, 1935. See also papers by 
W. C. Hodgson anti others. Fishciy Investigations 1947 to 1953. 
Ministry* of Agriculture and Fisheries. 

3S 
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(the Lusitania was located in this way*). The apparatus has also 
been used in oceanographical research, exploration of submarine 
river-channels, etc. The sandbanks in the North Sea near the 
Dutch Coast are shown to have a serrated structure resembling 



M 


Fio. i-)7\—Approaching Aariu!'!, DcnnirirK, record shows nuid 
oveiKiiig rocky bottom 



Fig. i47ii'-Noruegian Tanker Culedouui approaching Oslo, Norway, 

July 1936 

<Py ii'iiilL^y -'t III iiry I1 h„'1ics It Son) 

in many ways the sand-dunes of Libya.f The silting up of 
harbours and the shifting of channels have been studied by means 

• Hydrographic Reiiiew, 13, No. 1, May 1936 ; and The Nautical Mag.. 
Glasgow, p. 33, Jan. 1936, See also Adiniral J. A. Edgell, The Times, 
Sept. 28, 1934. 

t ‘Sand Waves in the North Sea,’ J. van Veen, Hydrographic Review, 

1935. 
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o the echo depth-recorder. The apparatus records the depth 
wim an accuracy of one fool in water of any depth up to 30 
fathoms or so, and is therefore very valuable to ships in dangeious 
or unknown waters. Good results arc obtained even in bad 
weather conditions, the rolling and pitching of the sliip have 
but little effect on the record. I’he depth record gives to the 
navigator increased and inoie accurate knowlcgc of the con¬ 
formation of the bottom of the sea. Navigatois on regular routes 
find that they can determine their position iicnirateh' by tliis 
means. 

(3) Ultrasonic Flaw Detector— The echo sounder principle 
has been applied on a much smaller scale to tlic tletection of 
hidden flaws in nuna! simctiires (castings, lur'^iings. etc.' and 
other materials wliich, on supeilicial examination m.ry aj)peai to 
be pcrfccT.*' A fine internal crack or an inclusion acts as a good 
sound-ieflector, its acoustic resistance gciK'rally differing markedly 
from that of the body of metal surioimding it. Cdonseiiuenlly 
a beam of ILF. sound, ot wavelength small compared with the 
size of the flaw, will be it fiiHtrd a.m! mas be dt'icctecl and located 
by echo-.sounding tei hnujiies, L’sually llie transmitter and 
receiver consist ol 1w'(j qnait/ t)an'>ducers plated on a machined 
surface with an intervening oil-lilm to ensure good acoustic 
contact. The frcqueii! y ol the ([uarlz transducers may he (;f 
the order of 1 or 2 megacycle/.sec. blunt imlses of sound are 
transmitted at regular inieivals (say 50 ilmes/sri.). the trans¬ 
mission and snccc.ssive cchtres being disjrlayed on a linear time 
base ol a G.R.O. triggered at each transmission. For example, if 
a long metal bar has a flaw or flaws in it, and pulses are transmitted 
from one end to the other, the ajrpeaiaiice on trie G.R.O. time 
base will be a peak at transmission followed by echo peak? at the 
positions of flaws, and a strong echo from the distant end of the 
bar. The irrterval belsveen transmission and the .nal sUong 
echo pnwides a length scale by which the exact location of the 
flaws can be found. The method is easily demonstrated rtsing a 
sound bar with an ‘artificial flaw’ foniied by diilling a vciy 
small dian^eter hole radially at some convenient point along the 
length of the bar. In an improved form of this type of ultra¬ 
sonic flaw detector, the ultrasonic beam is arranged to scan the 
material and a T.V. raster displays an image of the flaw on the 
G.R.O screen.f 

• Meyer and Buclrmann. Akust Z., .3, 132, 1938. See also Bradfield, 
Proc. physic Soc., 63, 305. 1950. Phys, Soc. Exhibition Handbook. 1951. 
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Ultrasonic Echo-detection in Nature. Bats-'-It has long 
been known that bats can fly at considerable speed in the 
dark witliotit colliding with obstacles which may be lying in 
their ])ath. Experiments with bats, by H. Hartridge,* D. R. 
Griffin and R. Galambo f have produced a considerable volume 
of evidence to show that these small animals emit pulses of sound 
of very high frequency and receive echoes from surrounding 
objects, these echoes serving to indicate to the bat how to avoid 
obstacles in its flight. Hartridge shows that this interrupted 
ultrasonic tone has a frequency of 30 to 70 kc./sec. This is 
confirmed in experiments by I). R. Griffin J who reproduced 
on the screen of a G.R.O. the waveform of the bats’ cries. He 
showed that the principal frequency was near 50 kc./sec. and the 
duration of the jiulses of sound was of the order of one milli¬ 
second- At this frequency the wavelength in air is about 6 mm. 
and the attenuation in air of average humidity must be very high. 
It is remarkable that in its flight in the dark a bat can invariably 
avoid such obstacles as line wiies having diameter much less 
than a wavelength of the sound emitted by the bat. Using two 
different types of sound analyser W. H. Pielemeicr § found that 
the cry of a caged bat consisted of a very intense but narrow band 
between 13 and 14 kc./sec. and of a nearly continuous noise spectrum 
of considerable intensity between 50 and 80 kc./sec. He remarks 
“since the 13 kc./sec. band cannot be heard when a bat is in flight 
even quite near our cars, this band must be absent vfliilc the bat 
navigates and avoids obstacles. When several bats are flying 
near each other and are using their ‘sodar’ (sonar-radar) system 
they arc not confused by each other. Possibly each one knows 
his own voice by its ultrasonic spectrum.” 

Geological Prospecting by Echo and Seismic Methods— 

Various allempts {| have been made to apply echo methods to 
determine the depths ol geological strata, containing valuable 
minerals or oil, below the earth’s surface- 'I’hc source employed 
is an explosive charge detonated on, or below, the surface, the 
receiver being a sensitive seismograph or some form of shock- 
inicrophonc connected to an oscillograph (such as the Einthoven 
string ♦ype fitted with a time-marking device). An Examination 

* Nature, 156, 27 Oct. 1945.. 

t /. Exp. ZooL, 86, 481, 1941 ; 475, 1942 and J. Acotis. Soc. Amer., 14, 
41, 1942 

t Nature 58, 47, July 13, 1946. §/. Ac. Soc. Amer., 21, 5SJ, 1949. 

j( See, for example, Berger, SchaHtechnik, 87, 1926; and A. S. Eve, 
Nature, 121, p. 359, March 1928. p 
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of the records obtained for various positions of the explosive charge 
and the receivers sometimes reveals the required information, 

Dealing with the application of physical principles to the 
prc^lem of oil-finding, A. O. Rankine * has described in 
some detail a seismographic method of locating the depth and 
contour of oil-bearing strata- This method, which has been 
applied with some success in the oilfields of Texas and Persia, 
involves novel princij^les due to Professor Mintrop. Preliminary 
tests showed that ordinary depth-sounding methods, e.g. the 
British Admiralty system described on p. 516, were unsatisfactory 
on account cvf the lieavy damping of sound \vav'es or impulses in 
the surface layets of the ground. Consequently an entirely new 
principle f was invoked, depending on the fact that the velocity 
of sound or earthquake waves in the lower-lying strata is greater 
than that near the surface. For example, the following velocities 
have been measured ; — 


J.urjthty I Sttuliini 

I 

Texas Salt dome (oil-bearing) . 

.. Clay and sand overlying salt domes . 
Persia Limestone strata (oil-hearing) . 

„ Overlying soil . . . . 


I'flvcitY, 


>300 


2000 

4700 

3700 


In order^o penetrate to the deeper layei-s in which oil is usually 
found, it is neccssaiy to employ a vciy powerful initial impuhe-- 
in fact, an artificial eailhquakc wave i.s created by means of a laige 
explosion on the surface of the ground. The explosion wave 
after travelling through the ground is received, by means of sen¬ 
sitive recording seismographs, at a number of points at varying 
distances away. The seismograph, which will record vibrations 
of low, inaudible frequency, is preferable to the microphone on 
account of the smaller damping of such vibrations. The instant 
of firing tlie charge is indicated by means of a wireless signal 
controlled from the. firing circuit. Reference to fig. 148 indi¬ 
cates three possible paths for the explosion impulse at O to reach 
the seismograph at A, viz. : — 

(1) The direct path OA, through the surface layer ; 


* Inst, of Mining and Metallurgy Bull., 295, p. 28, April 1929 ; and 
Ifiature, pp. 684 and 718, May 1929. Report of R.I. Lectures, Feb. 21 

and 28, 1929. ^ c- 

fSee H. Jeffreys, ‘On Compression al Waves in Two Superposed 

Layers,’ F^oc. Canib, Phil. Soc., 23, 472, 1926. 
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(2) The path ODA reflected from the interface, travelling 
entirely in the surface layer ; and 

(3) The ‘diffraction-path’ OBCA, passing through both the 
surface and the underlying layers- 


ON M A 



If Cl and c;> arc the velocities of sound in the upper and lower 
layers respectively, then it is seen that these disturbances arrive 
at A at times /], to. and is, given respectively by ti=OA/cj, 
t 2 ~ (OD+DA) /ci, and 1^—203/ci-^ (OA—20N) /c 2 - The seismo¬ 
graph record should therefore indicate three arrival times. In 
practice, however, the reflected disturbance travelling by the path 
like ODA is obscured by the violent initial disturbance preceding 
it and continuing for relatively long period. In the case of the 
third disturbance, hfmever, via OBCA, above a certain critical value 
of the distance OA this impulse arrives before the direct impulse, 
since ca is greater than cj. It is easily shown, in the critical case 
when the times and t, are equal and OA—that the distance d is 
related to the depth /? of the interface in the following manner ;— 


h I —sin 0 

d 2 cos 6 


(where Q— sin'^ {ci/c^)). 


If a time-graph is plotted with the time-intervals t between the 

instant of the explosion and 
that of the initial disturbance 
of the seismograph as ordinates 
and the distances x between 
explosion and seisir,pgraph as 
abscissas (see fig. 149), it will 
display a break at P where the 
times of arrival of direct and 
*49 diffracted disturbances are 

equal. Moreover, the slope of OP, which corresponds to the 
direct disturbance, is prq3ortional to 1/ci, whilst thd- slope of 
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PQ, which relates to the indirect disturbance, is proportional to 
l/c 2 , thus 

sin d=ci/c 2 —(slope of PQ)/(slope of OP), 

whence the critical angle 6 can be determined. Using this value 
of 6 in the above equation, together with the value of the critical 
distance d (the value of x at the point P), the value of k, the 
depth of the interface may be at once calculated. For example, 
if Cl and C 2 are 2000 and 5300 inetres/sec. respectively (as in the 



0 I sec. 2 secs. 

Fig. ISO (after Rankine). 

Texas oiHields), and the discontinuity at P occurs at a distance 
x=:^/~1000 metres, we find 

sin 0 38, whence (f~22‘5° and cos 0=O'924. 

Consequently 0)/2 cos 6—335 metres approximately. 

A series of seismic records used in the location of a salt dome 
(containing oil) is given in fig. 150. The feeble diffracted impulse 
(path OBC\ in fig. 148) is shown at ‘a’ in each record, tlie direct 
impulse OA arriving at ‘b/ The reflected impulse ODA is 
obscured by the after-effects of 

In a paper read to the Institute of Mining and Metallurgy,* 
Rankine deals with more complicated cases in which the interface 
may change in slope, as for example at the edge of a salt dome. A 
survey of the Anglo-Persian oilfields has recently been made by 
the Geophysical Co., Ltd., employing very successfully the seismic 
method outlined above. A description of the various forms of 


V 


* Loc. cit. 
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portable recording seismographs used in such surveys is given in 
the translation of a book by R. Ambron.* 

Reference has been made on p. 320 to Mintrop’s seismic wave 
or the ‘Kopfwelle’ of O. v. Schmidt. The photographs in fig. 
83a show how this wave arises at the bounding surface of two 
superposed media. 


Direct Wkve 



Fig. isoa —Reflection Seismograms 

CBy courtesy of B. B. Weatberby, Geophysical Research Corporation, U.S.A.) 



(By courtesy of Murphy, Cope, and Jooes.) 


On p. 522 it was stated that the reflected impulses from the 
bounding surfaces were obscured by the violent initial disturbance, 
as is the case in fig. 150. B. B. Weatlierby of the Geophysical 
Research Corporation, Tulsa, Okla., U.S.A., has, however, suc¬ 
ceeded in damping the receiver and recorder to such an extent that 
this no longer happens and the reflected pulses are obtaineLf quite 
distinct from the initial pulse. In fig. 150a, due to Weatherby, 
a record is shown of the arrival of the direct wave ‘C’ and the 
reflected waves ‘A’ at four detectors spaced 200 feel apart. The 
instant of the explosion is indicated at ‘B’ on the record. The 
approximate depth to the reflecting layer in this record is estimated 
* Elements nf Geophysics (M’Cravr-Hill Publiuhing Co.. 1926f. 
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to be 3000 feet. Reflections of this nature have been obtained in 
a range of depth extending from 150 to 25,000 feet. 

Similar observations are described by F. M. G. Murphy, S. T. 
Cope, and J. H. Jones* (Marconi W/T and Anglo-lranian Oil 
Company). They also employ the reflection method. The 
detectors are essentially short-period electrical seismometers 
(pericxis ranging from 1/2 to 1/U) second or less). The detectors 
are connected by cable to a mobile central recording unit where 
the electrical impulses are filtered, amplified, and recorded photo¬ 
graphically. Six detectors aie nonnally used spaced 150 feet apart 
at a mean distance of 2000 feet from the explosion point. A 
land-line or radio is used to transmit the instant of firing the 
shot. Fig. 150n is a rt'production of one of Muiphy, Cope, and 
Jones’s records. It shows a reflection seismogmm recorded with 
an instrument spread of V50 hrt at an avciagi* distance of 2000 
feet from the exjilosion, a charge of 2-i lb of gcliiniitc at a depth 
of 36 feet. A well-defined reflection is shown at ‘a and another 
from a dceiier layer at 


(11) Sound Ranging 

The methods which we have hitherto described for determin¬ 
ing the direction of a source of sound (see p. 449) arc inapplic¬ 
able w'hen the sound consists of an isolated impulse or shock, 
as distinguished from a continuous or frequently repeated sound. 
Special methods have therefore been devised for locating sources 
of sound, such as a gun firing or a charge exploding. The 
location of hostiU*. guns on land and of exjilosions under the sea 
was a most important practical application of sound during the 
war of 1914-18. The method universally employed in such 
circumstances was known ns the ‘multi})Ie-point method’ of 
sound ranging. Since then another more simple and direct 
method known as the ‘radio-acoustic method’ has bee i developed, 
but in this case the co-operation of the ‘source’ of the impulse is 
required, a condition >vhirh is clearly impossible in w-nr. We shall 
consider the second method first, on account of its simplicity. 

(a) Radio-Acoustic Method —This is a direct a]>plication of the 
‘differential-velocity,’ or ‘synchronous signalling’ system, to which 
we have already referred (p. 510). It was first proposed by J. Joly, 
and has been developed by H. E. Browne and the ^vriter for 
the British Admiraltyf as a means of locating explosive charges 

• Phil. Mag., 28, p. 370, Sept. 1939. 

tSee A. B. Wood und H. E. Browne, Ptoc. Phys. Soc., ,45, p, 183, 1923. 
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fired under water. The following outline of the method refers 
to this particular application, but it will, of course, be understood 
that the sanie principles are applicable also to impulsive sounds in 
air. It consists essentially of the simultaneous emission of a 
‘wireless’ signal and an explosion impulse, the former travelling 
with the velocity of light (186,000 miles/sec.), whilst the latter 
travels in the sea with a velocity approximately 1 mile/sec. (an 
accurate expression for this velocity is given on p. 265). At a 
shore station a multi-stringed Einthoven oscillograph records on 
one string the arrival of the radio-signal, i.e. the instant of detona¬ 
tion of the charge, and on other strings the arrival of the sound 
wave at the successive hydrophones. The record is crossed by 
time-marks every hundredth and tenth of a second. It is there¬ 
fore a simple matter to determine the various time-intervals 
h) h- h, etc., between the instant of firing the charge and the 
arrival of the sound wave. The distances of the explosion from the 
various hydrophones are consequently given by cti, ct 2 , ct^, etc. 
Now the positions of the hydrophones are accurately known from 
an independent survey, so that the position of the explosion is 
accurately defined by the common intersection of circles of radii 
cfi, etc., described with the respective hydrophone positions 
as centre. In practice four (tripod) hydrophones were laid on 
the sea-bed in surveyed positions on a 12-mile base-line outside 
the Goodwin Sands, and connected by cables to a recording 
station at St. Margaret’s Bay, near Dover. The six-stringed 
Einthoven galvanometer to which they were connected was fitted 
with an automatic developing and fixing arrangement, and the 
resulting record, on bromide fjaper strip, showed six parallel lines 
broken suddenly at the respective instants of arrival of the radio¬ 
signal and the sound impulse. Time-intervals could be read off 
quickly to ±0*01 second (==±50 ft. in range), or to + O’OOl 
second by estimation. The ‘simultaneous’ radio-acoustic signal 
was produced in various ways according to the degree of accuracy 
required. In the simplest case where only an approximate 
estimate of position was wanted, the W/T operator on the ship 
pressed his transmitting key at the instant of feeling the shock 
of the explosion in the water. This introduces the personal error 
of the operator. For more accurate work a double key is used. 
One half of the key sends the radio signal whilst the other fires 
the charge electrically. The error in time introduced by this 
method is negligible (±0*001 seconds,±5 ft. range). A 9-oz. 
charge of guncotton can be located accurately in this way at 
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40 miles, whilst larger charges have been located at 80 miles or 
more. At 80 miles the sound wave through the sea reaches the 
hydrophones minutes after the charge is fired—the use of head 
phones and an ordinary stopwatch (indicating fifths of a second) 
instead of an elaborate recording system would therefore indicate 
the distance with a probable accuracy of ±1/5 mile. With the 
more accurate method of recording it will be realised therefore 
that the radio-acoustic method pennits of veiy great accuracy, 
and has important applications in navigation and hydrographical 
survey. For navigational purposes, a ship calls up the recording 
station and asks for her position- The record is made and the 
position determined, within a radius of half a mile, in about seven 
minutes after receiving the request. In hydrographical surveys 
greater care is taken in leading the record; the method has been 
used successfully in fixing accurately the positions of certain buoys 
and light-vessels out of sight of land. 

As an alternative to the Einthoven photographic recorder 
system of measuring tiinp-inten,'a!s, J. M. Ford and the writer* 
in 1919 devised an instniniont known as the Phonic Chronometer. 
This may be desciibed as a stopwatch operated electromagneti- 
cally and fitted w'ith three sets of dials for measuring three 
independent time-intervals. The six*ed of the chronometer is 
governed by a tuning-fork and a jihonic motor, giving an accuracy 
of 1 in 10,000. Time-intervals are indicated directly on the dials 
to 0*001 second. Special explosion shock-receivers w'cre de¬ 
signed for use with the chronometer. The radio signal, through 
a relay, started all the dials, these being stopped in turn as the 
sound wav'c passed the resiDective shock receivers. The thi-ee 
time-intervals were thus indicated directly on the dials. A 
single-dial phonic chronometer (see fig. 151) ha.s, of course, many 
other applications involving the accurate measui(‘ment of a time- 
interval. 

The Geodetic Survey of U.S.A. is at the present time using a 
modified form of the R/A method in surveying coastline and 
banks and in locating marking buoys.f The method has been 
thoroughly tested under working conditions. It has proved 
accurate and reliable by day or night, in rough or foggy weather, 
and at all seasons of the year. Joly| has made a number of 

* A. B. Wood aud J. M. Ford, Journ. ScL Instrs., March 1924. Sec 
also Di 78 dale, Mechanical Properties of Fluids. 

t U.S. Coast and Geodetic Survey, Spec. Pubn., No. 107, 1924 and 
1928. t Loc. cit. 
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ingenious proposals to safeguard ships in fog, by the application of 
ladio-acoustic methods. For example, a light-vessel should send 
a simuitaneous radio-acoustic signal followed by twenty radio 
‘dots’ at intervals of half a second. A ship hearing the acoustic 
signal between the seventh and eighth dot in the W/T series would 
at once know it was 3^ to 4 miles from the lightship (assuming the 
velocity of sound in water to be aijproximately 1 mile per second). 



Fig. 151 —Phonic Chronometer 

ljuurnal of Scientific Inslrumtnlsj 

(b) Multiple-point Sound Ranging —This is primarily a ‘war* 
method, for the source of sound, a gun or a mine, has no 
desire to co-operate in the ‘location.’ The observer must find 
the source of sound by means of the sound wave only. For this 
purpose three or more receivers are mounted at known positions 
on surveyed base-lines. Suppose the spherical wave-front WW 
(sec fig. 152), which originated at the explosion source, passes in 
succession over the receivers 0, 1, 2, 3 at the instants o, h, tg, 
and tg respectively. The simple construction shown in the diagram 
indicates how the origin of the wave-front may be determined. 
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If c is the velocity of sound appropriate to the medium, describe 

circles of radii a, ch, and ct^, with centres at 0, 1, 2, and 3 

respectively. The wave-front WW must be tangential to all these 

circles ; the origin of the 

sound wave, the explosion, 

must therefore be at the 

centre of a circle of which ; ' \ ^ 

the circumference touches all ; \ \ 

the small circles. The explo- ' \ \ 'n / 

sion may be located more I ' \ \ / 

accurately by calculation. I » ' \ X 

Taking any pair of receivers, | \ \ 

it is evident that the explosion • t 

must lie on a curv’e such that vv J V 2 \ i 3 

the. difference of the radius ’ 

vectors from any point P *5* 

on it to the respective receivers must be a constant (ct) — 

that is, the explosion must lie on the hyjTerbola, with foci 

at 0 and 1, and the difference ± f Pl~PO)—cfi. Similarly, 

it must also lie on the hyperbolae, in which the differences are CI 2 

and 6 ^ 3 —that is, the explosion lies at the intersection of these 

hyperbola;. For ajrproxiinale determinations of distant explosions 

it is sufficient to find the intersection of the asymptotes of the 

hyperbola;, a special ‘asymptote correction’ being a])plied in accurate 

determinations. 


(i) Aryny Sound Ranging —In the location of enemy guns a 
base-line 900 yards long with six receivers ^vas generally used, 
the three additional receivers being employed in case of failures 
and to provide check ‘locations.’ A special type of microphone, 
the Tucker hot-wire microphone (described on p. 440), was used. 
'This was mounted at the mouth of a large Helmholtz resonator 
of about 16 lilre.s capacity, the system responding only to sounds 
of very low frequency such as the gun-wave (the ide de bouche" 
or 'infra son ’), whilst ignoring sounds of higher, audible frequency. 
A six-stringed Einthoven oscillograph with timing device and 
automatic photographic arrangements was n.sed to record the 
arrival of the wave at the various microphones. A typical record 
is shown in fig. 153 (a). The record was started when an advanced 
observer, or a ‘sentry’ microphone, heard the gun—a few seconds 
before the arrival of tlie pulse at the recording microphones. In 
all cases it was necessary to make corrections for wind and tempera¬ 
ture. The corrections become somewhat involved when these 




530 


MEASUREM^T OF DISTANCE BY SOUND 


quantities vary with height. Under certain conditions of wind- 
gradient, sound ranging was not possible. The corrections were 
in some cases avoided entirely by recording not only the enemy 
gun but also the ‘answering’ shell-burst, and ‘adjusting’ the latter 
to coincide with the former. 
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(a) 


(b) 


Fio. 153“ i^ound-i-anginjf Recouls 

(ii) Navy Sound Ranging —Tlic same principles were apjdied 
to locate explosions of mines, deplh-cliarges, and torpedoes in the 
sea. The only diflerenccs were in detail—liydrophones (steel 
diaphragms with carbon granular microphones) were used instead 
of hot-wire microphones, four of these being spaced over a base¬ 
line 12 miles long and about 20 miles from the recording station. 
As before, an Einthoven oscillograph with six strings recorded the 
sound impulses and measured the time-intervals. A specimen 
record is shown in fig. 153(6). The hydrophones were carefully 
surveyed from Ordnance Survey points on shore and their positions 
and distances apart were known within a few feet. Explosions 
taking place up to 100 miles or so away from the base-line were 
located with great accuracy. The sea is an excellent medium for 
sound transmission, it is very homogeneous and there are no 
‘meteorological* corrections as in transmission through the 
atmosphere—it is only in very accurate work that tidal corrections 
(a few feet per second) ha^e to be applied to the sound velocities. 
Values of the latter are tabulated for Afferent temperatures of the 
sea (see p. 265) and an electrical thermometer, with recorder on 
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shore, is laid on the base-line of hydrophones. The temperature 
fluctuations in the sea are, however, usually very slow and very 
small—covering a range from 6° to 17° G. annually in the North 
Sea between England and Holland. The multiple-point sound- 
ranging method has been used very successfully also in hydro- 
graphical survey. The positions located are extremely accuiate, 
and may be obtained much niore quickly than the alternative 
astronomical methods hitherto employed. As previously staled, 
a 9-oz. guncotton charge is .sufficient to covc'r a range of 10 miles 
in the sea. 

Long-range Sound Transmission in the Sea. SOFAR. 

We have icfeirecl above to the* accurate* location of small 
explo.sions up to langcs of lOU miles (u‘ so in tin* shallow water of 
the North Sea. In oceanic depths, however, such ranges may 
be. greatly exi:f.‘e.ded. Very long larige.s are made possible in 
deep oceans by the natural ‘sound (.hannel' vvliich exists. This 
is formed by the opposing eilects mi sound velo'iiy due to 
temperature and prc.ssurc as ilic depth increases (see p. 370a). 
The sound veloeiiy decreases with depth diu* to the rapid deerease 
of Icrnpcraiure in tlie lirsi 700 laihoins, whereas the sound vcioeity 
increases due to the increase of piessuic* hclovv that depth. 'Fhe 
sound channel axis, or depth of ininiiiuinj velocity, occurs at about 
700 fathoms in the Atlantic Ocean and 300 fathoms in the 
Pacific. 'I'here is a similar sound c hannel in all the deep oceans 
of the \vorld, except in the Polar regions. M. Ewing and 
J. L. Worzcl* have made exjrcrimenis at the depth of the sound 
channel (3600—1000 feet) and have heard 'with abundant signal 
strength the explosion of ^ lb. charge at 000 miles, a 4 lb. charge 
at over 2300 miles, and a 6 lb. charge at 3100 miles. These 
signals were detected by a hydrophc'ne suspended bv an electric 
cable 3600 feel deep from a drifting ship in the opet sea, and by 
a hydrophone lying on the bottom at a depth of 4000 ft. and 
connected to a shore station. 'The sounds travelling in the sound 
channel are refracted to and fro across the axis and can travel very 
long distances without contact with the surface and bottom of 
the ocean. Sound channel sounds received at a distanre begin 
with long intervals between arrivals, becoming shorter and 
shorter, and terminatiiig abruptly, dropping from peak intensity 

* ‘ Long-range Sound TranMoi^siou.’ (Propagation of Sound in the 
Ocean—Memoir 27^ Geological Soc. Atner,, Oct. 1948.) 
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in less than sec. The duration of the sound channel signal 
is proportional to the distance travelled and can be used to estimate 
range within about 3 per cent, accuracy. Sounds travelling in 
this manner are, of course, restricted to deep water (exceeding 
1000 fathoms). It is considered that the three stations to be 
installed in tlie Pacific (at Midway, Guam, and the Aleutian 
Islands) could Ux'ate with great accuracy the position of the 
explosion of a few pounds at ranges of 2000 miles or more. The 
time differences of arrival would give, as in sound-ranging 
described above, the position of origin of the explosion. If a 
radio-signal were sent also at the instant of exploding the charge 
the accuracy might be still further increased. This Pacific 
network of stations is named SOFAR, from the words 50und 
Fixing ylnd Fanging. A special detonator, operated by pressure 
at the required depth, has been designed for the purpose. It is 
suggested that this system may be used to locate planes, ships, 
and life rafts in distress in the ouen oceans ; or it may be applied 
in geological investigations for (1) position fixing ; (2) discovery 
of shoal areas; and (3) submarine volcano location. 


Radio-sono Buoys. Acoustic Torpedoes and Mines 

For the purpose of detecting and locating a submerged sub¬ 
marine from aircraft a sytecial type of marking buoy has been 
designed. This buoy has suspended beneath it a small hydro¬ 
phone, suitable for the detection of the noise of a sumarine’s 
propeller, and projecting above it an aerial which transmits by 
radio the sounds picked up by the hydrophone. A number of 
these buoys are laid and an observ'cr airplane overhead can 
determine the approximate jiosiiion of the submarine from the 
relative strengths of the signals from the sono buoy system. 

In another application of underwater sound to war purposes, 
torpedoes were fitted with a pair of hydrophones which could 
discriminate between port and starboard when listening to a 
ship’s propeller noise. This ‘left and right’ indication was used 
in a suitable relay system to steer the torpedo to the tai^get vessel. 

Mines were also fitted with acoustic actuation mechanism, 
arranged to cause detonation of the mine when the target ship 
was overhead. Both homing torpedoes and acoustic mines could 
be countered by various noise-making mechanisms which made 
far more noise in the water than that made by the average ship. 
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Information of such acoustic devices as these can be found 
In publications such as Science at WarJ^ This also includes 
details on the use of the ‘Asdic' H.F. Echo-l(x:ator in the detection 
and location of submarines. A verv infonnativt* book on Mining 
and Minelayingjf by J. Covvic, contains much infonnation on 
the use and effectivetiess of such underwater weapons as the 
acoustic mine. 


Acoustics of Buildings 

A common defect in the acoustics of lai'je halls and auditoriums 
is that due to excessi'^c rcverbcjation. The slow decay of the 
sounds of speech or inusic in such a hall is due to the repeated 
reflections occurring at the Iiarcl, siiiootli surfaces of its walls 
before the energy is dissipated. The obvious cure is to introduce 
rougher and more porous sin faces—that is, to cover the walls and 
floor with sound-absorberU malerials, such as hangings and carpets. 
It is possible, however, to ‘over correct’ the reverberation, thereby 
prexiucing a ‘deadening’ efiect on the of the speaker or singer. 

SabinCjJ who first placed the subject c)n a scientific footing, laid 
down three simple rules which must be followed if satisfactory 
results are to be obtained, viz. (1) the sound heard must be loud 
enough; (2) the quality of the sound must be unaltered, i.e. the 
relative intensities of the components of a complex sound must be 
preservx'd; and (3) the successive sounds of speech or music must 
remain distinct, i.r. there must be no confusion due to overlapping 
of syllables. In certain case.s distinct echoes may be heard in a 
hall. 'These may be rc-cluccd in intensity or removed entirely by 
changing the angle of the wall or by covering the existing surface 
with absorbent material. Curved surfaces, such as domed ceilings, 
sometimes focus sounds in an objectionable mann< r. From a 
scientific point of view the design of an acoustically perfect hall 
involves three principal factors---reveiberation, interference, and 
resonance. The means of conirolling these factors are the 
malerials used in construction, the dimensions, and the shape of 
the hall. 

* Science at f^ar, J. G. Crowlhrr and R. Whiddiiigton (H. M. 
Stationery Office). 

t Mines, Minelayers and Minelaying, J. S. Cowie (Oxford Lniv. Press, 
1949), See-also Electronics (ll.S.A.), p. 154, April 1946, p, 99, April 1946, 
and p. 88, Aug. 1946. 

I^llected papers on Acoustics, 1922. 
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Reverberation —The theoretical study of reverberation com¬ 
menced in 1900 with the work of Sabine^ and was extended later 
by Jager, * Buckingham,f Watson.4: and others. .All theories are 
based on the fact tnat sound in an ordinary room undergoes two 
or three hundred reflections before it becomes inaudible. It is 
consequently assumed that the sound energy rapidly becomes 
uniformly distributed throughout the room—interference and 
such like effects being ignored. If I is the mean intensity (energy 
per unit volume) in the room at any given instant, then the change 
of intensity 5 I by absorption in a time St is 8l =—Ian St, where a 
is the mean absorption coefficient and n the number of reflections 
per second. By a statistical method Jager proved that n=rS/4V, 
where V is the volume of the room, S the total surface area, and c 
the velocity of sound. Denoting the rate of emission of sound 
energy from the source by E, the rate energy change per unit 
volume of the room is given by 


a fundamental equation, 
the source is therefore 


The intensity at a time 


The intensity in the room finally attains a steady value given by 

.... (4) 

cab 

Equation (2) may therefore be written l/lmux which is 

a very convenient form. Expressing the standard initial condi¬ 
tion as an intensity In,*, equal to 10® times the ‘threshold* value 
(minimum intensity audible) we have whence 

T r=55*2V/cflS, where T may be regarded as the standard duration 


dl _E _cflvSI 

di' ""V “ 4V 


( 1 ) 


The intensity at a time t after stopping 


, 4E -coSt/4V 
1= ■ - e 
caS 


( 2 ) 


f after starting the source is 


4E -caSt/4V. 


( 3 ) 




• Acad. IFiss. tTien, 120, 2a, p. 613, 1911. 

Bureau af Standards Sci. Paper, No. 506, 1925. 
i Acoustics of Bmidings, 1923. 
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of audibility. Assuming a value 1100 ft./sec. for the velocity of 
sound c, we have 


T=0-05VM .... (5) 

as the theoretical standard reverberdtum period. The duration of 
reverberation therefore varies directly as the volume V of the 
room and inversely as the surface area S and mean absorption 
coefficient a of its walls. This relation has been accurately verified 
experimentally by Sabine. He first used automatic recording 
methods to measure the exponential decay of sound intensity in a 
room, but later preferred to rely on direct aural observation. The 
source of sound was an organ pipe blown at a definite pressure 
and emitting a note of definite pitch and uniform intensity. The 
instant of cutting off the sound and the instant at which the 
observer considered it inaudible were recorded on a chronograph 
drum. Sabine considered that an .average accuracy of ± 0'05 
second in the measurement of T was possible by this simple 
methexi, c.g. he obtained consistently for a particular lecture room 
values lying between .5*45 and 5'62 seconds, with a mean of 5*57 
seconds, which was repeated after an interval of three years. It 
was found (1) that the duration of reverberation was almost inde¬ 
pendent of the positions of the source and of the observer in the 
room ; (2) the effect of a given amount of absorbent was also practi¬ 
cally independent of its position in the room. Sabine used an 
open window as his standard unit of absorption, expressing other 
results in '‘open-window’ units- In this manner he determined 
the mean absorption coefficients of various absorbent materials, 
obtaining results varying from <i=l*0 for the open window to 0*01 
for hard surfaces, such as glass or plaster. He found that each 
member of an audience was equivalent in absorbing power to 
about 4i square ft. of open window. 

Optimum Reverberation—With a committee of musical 
experts Sabine determined the degree of reverberation most 
suitable for speech and music in rooms of different dimensions. 
The reverberation period was adjusted in each room until all 
were agreed that the conditions were neither too reverberant nor 
too ‘dead.’ For piano music a mean of all observations, ranging 
from 0*95 to 1*16, gave T a value of 1*08 seconds. Eckhardt,* 
using the reverberation equations given above, has discussed the 
optimum reverberation conditions for syllabic speech, indicating 
graphically how the syllables overlap seriously in rooms of low 


• Frank. Inst. Journ., 1954 p. 799, 1923. 
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absorbing power, whilst they may be entirely separated in a lOOm 
•of high absorbing properties. Estimates by other observers * 
appear to indicate that the optimum period increases with the 
volume of the room or hall and varies with the nature of the sound. 
In a theatre of volume 60,000 cub. ft. Sabine regarded I'l to 1*5 
seconds as satisfactory, whereas 2'3 seconds was prescribed for 
theatres of volume 250,000 cub.ft. and 650,000 cub. ft. Broadly 
speaking, the optimum period appears to lie between I’O and 2‘5 
seconds ; for speech and ‘light’ music towards the lower value, 
and for orchestral or ‘grand’ music it may ajrproach the upper 
limit. 

Determination of Absorption Coefficients- In order to 
correct a room for excess or deficiency of reverberation it is 
necessary to know the absorption cot^fTicicnts of the various 
materials present in the room. 1’he methods of measuring such 
absorption coefficients may be divided broadly into two classes : 
(a) full-scale measurements---reverberation methods, and {h) small- 
scale measurements—direct laboratoiy measurements using small 
test specimens. 

(a) Thr fulf-^cale method is e.xemplifiecl by Sabine’s experi¬ 

ments. The dural ion of reverberation was first measured in an 
empty room for various initird intensities of the st)urcc- To 
determine the rate of decay of sound intensity in a room 
observations arc made of the durations of audibility when 

a certain source is used, and the duration with a source of m 
times the intensity . Since the. intensity decays to the same limit 
in each case, it follows from equation (2), p. 532, that 

log m—(^ 2 —fi)cc<S/4V . . . . (6) 

whence the mean absorjrtion coefficient a can be determined, 
c, S, and V being known. I'hc absorbing power of different objects 
c;r materials may similarly be, detcnniried by measuring the rever¬ 
beration jrcriod for two siicngths of source both with and without 
the objects in the room. As already mentioned, the prcx:t?dure 
usually adcrplcd by Sabine was a substitution method, the absorb¬ 
ing power of the object being cxpres.scd in tenns of that of a known, 
area of open windo^v. 

(b) The stationary wave method of measuring absorption co- 

• Lifshitz, Pfi)s. Rev. 25, p. 391, 1925 ; 27, p. 6J8, 1926 ; Watwn, 
prank. Inst. Journ., 198, p. 73, 1921 ; KniuJaen, Phys. Rev.^ 22, p. 206, 

im 
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efficients described on p. 358 is an extremely convenient and 
accuiate laboratory method in which only small specimens of 
absorbent material are required. The specimen, in the form erf a 
flat sheet, closes one end of the tube, in which stationary sound 
waves are set up by means of a source at the opposite end 
(see fig. 99). The degree of ‘imperfection’ of the maxima and 
minima serves to measure the ratio of incident and reflected ampli¬ 
tudes, whence the absorption coefficient may be calculated in the 
manner indicated on p. 358. This methexi measures only the 
reflection at normal incidence, whereas the sound reflected to and 
fro in a room meets the walls at all angles of incidence. E. T. 
Paris * has examined this question theoretically, and has shown 
that as the angle of incidence 9 increases from 0° at normal 
incidence to about 80°, the absorption coefficient increases slowly 
at first llien more rapidly. In a particular case, that of a porous 
plaster, the absorption coefficient increased from 0‘28 at normal 
incidence (0—0) to 0’76 at 83°. Thereafter the absorption 
dropped rapidly to zero at grazing incidence (0=:r9O°). 'These 
deductions explain why the absorption coefficients obtained in 
large scale experiments (all angles of incidence) are always higher 
tlian those detennined by the stationary wave method (normal 
incidence). Paris has obtained theoretically the correction 
necessary to the ‘nonnal incidence’ absorption coefficients to 
make them applicable to the case of ‘all angles of incidence.’ 
This correction brings the experimental values obtained by the 
stationary-wave method into good agreement with those obtained 
from Sabine’s full-scale reverberation experiments. 

Tables of absorption c(x;fficients obtained by various methods 
are given by Davis and Kaye {loc. cit.). 'These values vary over 
wide limits according to the porosity of the material— e.g. O'Ol for 
various hard surfaces such as wcjod, glass, or metal ; 0*5 for thick 
carpets, audiences, ‘acoustic tiles and plasters,* and hair-felt ; 
I'O for an open window. As the theory of absorption in porous 
bodies indicates, the absorption Increases with the pitch of the 
incident sound ; but other factors also enter into the question. 
For example, it was found experimentally that a certain hair-felt 
had values 0*09, 0*25, 0*43, 0’63, 0‘33, 0*35 for the absorption 
coefficient at frequencies 128, 256, 512, 1024, 2048, and 4096 p.p.s. 
respectively, the maximum absorption occurring at a frequency 
near 1000 p.p.s. 

Two factors are involved in the selection of a good anti* 
• Proc. Roy. Soc., 115, p. 407, 1927. 
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reverberation material ; it must reflect as little as possible and 
must absorb a maximum of the incident sound energy. The 
former condition implies that the acoustic resistance of the 
absorber must be as nearly as possible equal to that of the incident 
mediumj and the latter condition requires a maximum amount of 
viscous damping to suppress the transmitted sound in a relatively 
thin layer of absorbent material- The methods of correction of 
defective acoustical conditions in a room or hall by the introduc¬ 
tion or removal of absorbent surfaces will be sufficiently obvious. 
Materials, such as porous tiles and plasters, containing asbestos or 
cork constituents are specially manufactured as a means of adjust¬ 
ing the reverberation periods of large auditoriums to the optimum 
value. Such materials, their properties and uses, are fully described 
by Davis and Kaye {loc. cit.). 

Study of the Shape of an Auditorium—The reflecting 
characteristics of various shapes of auditorium are conveniently 
studied by the spark-pnlse and the ripple-tank methods described 
on p. 374. The spark method was first applied to this purpose 
by Sabine in 1913, A sectional model of the auditorium is 
mounted between a ‘light’-spark gap and a screen (or a photo- 


(a) 


Fig. 154—Ripple Tank (with model section of .nuditorium) 
(Fiom D.i\ i:> .nul Kn-> r. Jcou^/n i nf iinthlings) 



graphic plate), a ‘sound-spark’ being produced at the required 
point inside the model. The shadow cast on the screen or 
plate reveals the position of the pulse after reflection from the 
walls of the model. A succession of photographs at varying 
tiiliedntervals after the production of the sound-spark indicates 
the progress of the sound-pulse and its reflection from the walls 
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^ the model auditorium. Results of a similar nature may be 
^tained more easily by means of the ripple tank (see p. 378). 
This method is based on the fact that the wave-length of the 
ripples on the surface of water is usually comparable with the 
size of any models concerned. The general arrangement is shown 
in fig. 154 (a). Fig. 154 (b) and (c) are comparative photographs 
showing the marked resemblance between sound-pulse and 



I 


I 


(b) 


(0 


Fio. 154 —Comparative Spark and Ripple Photographs (A. H. Davis) 

(From Davis "Jncl Kaye, Acoustics of limldings) 

ripple photographs for similar model sections (Davis and Kaye). 
Cinema records of this nature are valuable as a mean, of following 
the progress of the multiply-reflected waves as they spread from 
a source, a speaker, or singer to an audience- The tkree- 
dimensionat study of echoes has not yet been undertaken on a 
model scale, but Watson * has described a ‘ray method’ of tracing 
the reflections of a high-pitched sound in a large auditorium. In 
his experiments Watson used as the source of sound the hiss 
from an alternating current arc at the focus of a parabolic mirror. 
The light from the arc assisted in the location of the sound 

* Univ. of Illinois Eng. Expt. Station, Bull. No. 3. 
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echoes. Such model and full-scale experiments indicate that 
markedly smooth curved surfaces should preferably be avended 
from an acoustic standpoint, as they result in the focussing of 
sound in particular directions. It is considered by those who 
have wide experience of such matters that reflected sounds 
arriving within an interval of second (equivalent to a path- 
difference of 75 ft.) will contribute usefully in raising the level of 
loudness of speech, whilst reflections arriving later are undesirable 
and should be w'eakenecl as much as possible by absorption or 
scattering. Troublesome echoes are not likely to arise, therefore, 
except in large halls, more especially those with domed or curved 
ceillng.s. It is important that such surfaces are covered with 
absorbent material or brr>ken up by coffering to scatter the 
sound. Resonant surfaces, panelling, etc., should be suitably 
damped, olhen\lsc sounds of appropriate pitch will be reinforced 
with unpleasant results. Such resonant vibration is most 
noticeable when the source of sound is very powerful, e.g. a church 
organ will frequently- sot in vibration jrsonant panelling or 
window panes of low frequency. The phenomenon of inter¬ 
ference give.s rise to m.axima and minima of sound, but the effect 
in a rfxim ‘ lagged ’ with sound-absorbent materials is usually 
unimportant. 

Transmission of Sound through Walls and Floors 

in Buildings 

In the design of buildings in which it is desirable that inhabited 
rooms should be reasonably well sound-insulated from other 
parts of the building, it is necessary to consider how sounds may 
be transmitted from one part of a building to another. The 
main considerations relate to air-borne and to structure-borne 
sounds. The transmission of sounds from the air of one room 
through a partition to the air of an adjacent room has been 
examined by a number of investigators. E. Meyer * and A, H. 
Davis f have both reached the conclusion that the average sound- 
insulating pcw'cr of a wall is dependent in a simple manner on 
the weight per unit area. Thus in Meyer’s experiments in 
wi^hich the weight W of the wall was varied from 2 to 5(X) kg./rn.® the 

Insulating Power—/!: log W, 


• Preuss. A had. Wbs. Berlin Ber., 9, p. 166, 1931 ; and F./?,/., 75» 
p. 563, 1931. 

^Engineering, 133, p. 147, 1932 ; PhU. Mag., 15, p. 309, 1933. 



transmission of sound 


541 


in which the insulating power is defined as the logarithm of the 
ratio of Incident to transmitted sound energy. The average 
sound reduction, expressed in decibels, is a linear function of the 
weight of the panel per unit area. Composite single partitions 
appear to have no special advantage over a simple homogeneous 
partition of the same weight. Broadly speaking, the sounds of 
higher pitch are most easily excluded in this way. Ventilation 
holes, cracks round doors, etc., are often better sound transmitters 
than the walls and doore themselves. 

Double partitions are effective, provided there is a sufficient 
air space between. This aspect of sound transmission has been 
examined by J. E. R. Constable * who shows, theoretically and 
experimentally, that the system of two solid partitions enclosing 
an air space forms a sound filter which rejects a certain ran^ of 
frequencies whilst transmitting others. A certain amount of 
absorbent material introduced between the partitions is found to 
be beneficial. 

E. Meyer f has also dealt with the problem of multiple partitions, 
with intervening air spaces, behaving as mechanical acoustic 
fillers. He shows that such partitions possess marked critical 
‘cut-off’ frequencies w'hich depend on the dimensions of the 
partition and the thickness of the air space. It is found that a 
multiple wall constructed in arcordance with theoretical calcula¬ 
tions, having a density of 50 kg./rn.^, has a sound iasulation of 
55 decibels, conesponding to a solid brick wall 50 cm. thick, 
of density 1000 kg./m.”. 

A. L. Kimball J has (d)taincd resLills which agree in general 
with those of Constable. In addition, he has calculated the effect 
of hanging a layer of flexible ‘ impennous ’ material against a 
single layer partition. Considerable improvement is obtained, 
but this niethcd of sound insulation is not entirely satisfactory. 

In the case of structure-borne sounds, where so ind is carried 
long distances through continuous girders, pipes, and similar 
elastic members, it is necessary to break up the continuity of the 
acoustic paths by the introduction of sound-insulating sections. 
Similarly, sound is freely transmitted from the floor of one room 
through the ceiling of the room below unless special precautions 
are taken A. J. Kings § has examined the transmission of the 

* PhU. Mag. 18, p. 321, 1934; Phys. Soc. Proc., 48, p. C90, 1936. 

t EJV.T., 12, p. 393, 1935. 

i Acoust. Soc. Amer, J,, 7, p. 222, 1936. 

S Engineering, 144, p. 296, 1937. 
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noise of machinery through the structure of a building and has 
made proposals for the sound-insulation of the machines. In 
this connection he discriminates between the ‘ static ’ and 
‘dynamic’ stiffness of sound-insulating materials such as rubber, 
cork, and felt. 

At the National Physical Laboratory, Teddington, special 
buildings * have been erected for the measurement of reverbera¬ 
tion, absorption coefficients of materials, and of the sound trans¬ 
mission properties of partitions and floors- The reverberation 
room is constructed in such a way that none of its bounding 
surfaces is parallel or at right angles to any of the others, and a 
large area of one wall may readily be replaced by absorbent 
material to be tested. Another pair of rooms has a large con¬ 
necting opening which may be closed by any type of partition to 
be tested, whilst a specially constructed ‘ floor-ceiling ’ is used to 
examine the transmission of sound through floors. 

A compendium of papers dealing with the transmission of 
sound through partitions, walls, floors and windows of buildings 
may be found in ‘ Noise and Sound Transmission ’—a report of 
the 1948 symposium of the Acoustics Group of the Physical 
Society-t The transmission through elastic panels or partitions 
is discussed in papers by L. L. Beranek, T. Vogel, and L. Cremer. 
The latter deals wiffi transverse vibrations set up in a panel at 
oblique incidence. This has already been discussed on p. 190a. 
Measurements of the sound-insulation in walls and floors of 
houses and flats have been made by P. H. Parkin and H, R. 
Humphreys.^ The recommended value for insulation between 
living rooms of houses is 55 db., a value which can be obtained 
quite simply- This insulation reduces normal radio-music and 
speech to inaudibility. The same value, 55 db., is also recom¬ 
mended for flats. This is relatively simple for party walls but 
is not always attained for floors. They point out that the insula¬ 
tion of joist floors has worsened with the progress of time. A 
Scottish tenement floor, built 100 years ago, was found to have 
an insulation of 50 db., which compares very favourably with 
30 db. for the floors of many modem flats. In terms of annoyance 

G. W. C. Kaye, Engineering, p, 379, Oct. 1933 ; Nature, 134, p. 2tX2, 
1934 ; Roy. Soc. Arts. 84, p. 678, 1936 ; and Engineering, 141, p. 465, 
1936. See also B. G. Churcher, ‘Acoustics Research Lab. Metro. Vickers,^ 
Engineering, p. 563, May 1933. 

t Published by The Physical Society, 1949. 

t Jour. Ray. Inst. British Architects, 57 (10), 392, 1950. See also 
G. H. Aston (in reference t)* 
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to the occupants this represents a decline from a condition where 
normal speech or music is only just audible, to a condition where 
normal speech is not only audible but is quite intelligible! 

E. Meyer, P. H- Parkin, H. Oberst, and H, J. Purkis * describe a 
method of measuring the direct and indirect components of an 
airborne sound-field radiated from a source room directly through 
the party wall (or floor), and indirectly via the flanking solid 
structures to the receiving room. They find that in normal 
buildings (in Germany) with sound reduction factors of party 
walls of about 50 db. the direct and indirect sound energies are 
of the same order of magnitude ; above this value indirect trans¬ 
mission is of decisive influence. W. Kuhl and H. Kaiser f have 
measured the loss factor of bricks and reinforced concrete as a 
function of frequency and vibration amplitude. The absorption 
of flexural waves by walls, computed from such observations, is 
20 to 100 times smaller than the actual absorption (of the order 
1 to 3 db./m.), measured by means of piezo-electric transmitters 
and pick-ups for structure-bome sound in the frequency range 
150 to 3000 c.p.s. Using hollow bricks filled with .sand, for 
walls and floors, this absorption increased by 4 to 6 db./m. 
Measurements on the propagation of shear waves in granular 
materials, e.g. sand, carbon granules, small spheres, etc., have been 
made by M. L. Exner, W. Giith and F. Immer. % They used a 
vibrometer, suitable for measuring the mechanical impedance in 
such a case, in the. range 100 to 4000 c.p s. T heir results lend 
support to those of Kuhl and Kaiser mentioned above. 

In measuring sound transmission through floors and ceilings 
various forms of hammer machine (impact, or footstep sounds) 
and sinusoidal vibrators have been used. T. Lange § has made 
a comparison of these methods—the hammer and E.M. sinusoidal 
excitation—and shows that the difference between the sound 
pressure levels transmitted is explained by consider xtion of the 
spectrum of the impulses produced by the hammec. Measure¬ 
ments in buildings demonstrate the adequacy of the method of 
sinusoidal excitation which is more convenient. In the case of 
excitation at one point, the amplitude of the flexural waves on 
a floor decreases with the square root of the distance. 

• AcusUca, 1, 17, 1951. 

■fAcustica, 2, 179, 1952. r» i inii 

t Acustina, 4. 349, 1954 See also M. L. Exner Ac. Beihefte, 1, 105, 

1953. 

%ActtSttca, 3, 161, 1953. 
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Anechoic (Frcc-apacc) Rooms—In making many acoustic 
measurements, particularly those involving the measurement of 
intensity or sound pressure, it is important that the observations 
should not be rendered unreliable by echoes returning from 
nearby walls or other objects. Such errors can be avoided either 
by making the observation in a wide open space free from 
obstructions, ‘free-field,’ or alternatively by the use of a special 
room in which the walls, ceiling, and floor are covered with 
material having a large absorption coefficient over a wide range 
of frequency. In such a room it is important that the echo 
returning from any of its surfaces should be of negligible amplitude, 
a drop of 20 or 30 db. at least being required. Such sound 
absorbent, ‘dead,* rooms are now in use in most of the principal 
acoustic laboratories throughout the world. They are generally 
referred to as ‘ancchoic’ or ‘frcc-space’ rooms. They are in¬ 
valuable in many acoustic investigations, e.g. in the sensitivity 
calibration of microphones and the determination of directional 
properties of many forms of sound transducers. A good example 
of such an ancchoic room is the one at the University' of Gottingen, 
described by E. Meyer, G. Kurtze, E. Severin, and K. Tamm,* 
In addition to their sound-absorbent projjcrties, the walls of this 
room also absorb short electro-magnetic waves, and consequently 
the room can be u.scd as ‘free-space’ for these radiations also. 
The internal dimensions of the room are 14 metres in length, 
10 metres in width, and 5-5 metres in height. It is ancchoic for 
sound waves in the frequency range 70 c.p.s. to 13,000 c.p.s. and 
for electro-magnetic waves above 1000 M<'./s. (below' 30 cm. 
wavelength). The walls are ccA'ered by absorbent wedges having 
a rectangular base ISX'IO cm^. and 90 cm. in length. They 
consist of several layers of glass fibre boards of density 150 kg./in.®. 
Three of these wedges form a unit (base 40X^0 crn.^) which can 
easily be attached to a wall. A layer of air (12 cm. thick) behind 
the w'edges, together with slots between the wedges, acts as an 
acoustic resonator,t which reduces the low cut-off frequency to 
70 c.p.s. The glass wool wedges are made electrically absewhent 
by impregnation with powdered graphite (6 • 7 per cent, by weight). 
The reflection factor of the glass wool wedges was checked for 
perpendicular incidence in a standing w'avc tube, whilst reflection 
measurements for oblique incidence were made with a model 
wall. A large net made from thin steel cables is stretched across 
the spike-floor, thus making it easily possible to walk to any part 

♦ Akus. Beffiefte, 3, 409, 1953. 10. Kurtze, Akus. Beihefu, 2, 104, 1952. 
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of the room- After completion, the acoustic quality of the room 
was tested by two independent methods : (n) by measuring the 
deviations from the inverse distance law of propagation—using 
a spherical sound-source and a non-directional microphone over 
a frequency range 70 to 13,000 c.p.s., and (6) recording the 
reverberation decay, using a spark source of sound, a log. amplifier 
and a cathode ray oscillograj)h In scries fa) it was found that 
the inverse distance law was valid within 1 or 2 db. over the whole 
frequency range, whilst in scries (b) the reverberation time was 
about 40 mini seconds (equivalent path 17 rnctre.s) corresponding 
to a single reflection only from the distant wall, more than 3.5 db- 
below' that of the direct sound. It was demonslialcd by the inverse 
distance method that the electro-magnetic waves (cm. wavelength) 
were also effectively absorbed by the walls. 

The theory of linings for ancchnie rooms, based on tlie ])rinciple 
of gradual transition, has been developi'.d by A. Schoch.* The 
principle was mentioned by Rayleigh (1891 and 1896), who referred 
to the use of deep corrugations as a means attaining a gradual 
acoustic transition between two inedi.i, and it ha^ been applied 
by E. Me.yei G. buchmann, and A. Schoch.t Unifonu absorbent 
layers are first considered and then the theory is e.xtended to 
cover the case where pyramid or wedge-shaped elements of 
porous materia] project from the boundary surfaces. 

This ]jrinci])le has also been applied, in a modified form, to 
sound abaorhf'ut lining? for water-filled tanks, w'here an anechoic 
container is required for tinder-water acoustic measurements. 
The usual sound-absorbent materials for use in air are quite 
unsuitable for use under water, as the air contained in them acts 
as an almost perfect reflector. E. Meyer, K. Tamm, and W. Kuhl,J 
have, how'ever, solved the problem by constructing spikes or 
wedges of synthetic rubber containing a graded tolume of air, 
increasing towards the base of the spike. The refl-xtion factor 
of these spikes is as low as about 5 per cent, in the frequency 
range 10 to 30 kc./sec., the length of the spike corresponding- 
approximately (but not critically) to a half-wavelength in water 
of the sound to be absorbed. Thtise absorbing spikes, known 
under the code name of ‘ Fafnir,’ have been used extensively for 
lining water-filled tanks—sides, bottom, and surface—used for 

* * Noise and Sound Transmission,’ Phys. Soc. Publication, p. 167, 
1949. See also L. L. Beranek and H- P- -Sleeper. /. Ac. Soc. Arner., 18, 
140, 1946, and P. M. Morse and R. H. Bolt, Rev. Mod. Phys., 16, 88, 1944. 

fAkuit, Zeits, 5, 353, 1940. 

XAkm. Beihefte, 3, AB 140, 1951. 
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calibration of hydrophones and for other purposes where ftec- 
Heid conditions are required. 

A material known as ‘ Insulcrete ’ (a concrete made of sawdust 
and Portland cement under pressure) has been developed In U.S.A. 
by W. J. Trott and C. L. Darner. * When formed into spikes 
and wedges, it is found to be a good sound absorber under water 
in die frequency range 10 to 150 kc./sec. 

During the 1939-45 war a requirement arose in the German 
navy for a non-reflecting acoustic absorbent coaling for the hulls 
of submarines, to make them undetectable by Asdics. The 
shipbuilders requirements placed a number of somewhat severe 
restrictions on the design of the material, e.g- the coating must be 
very thin and of very light weight, it must have the smoothest 
possible surface and must be sufficiently strong to stand up to 
sea-going conditions and at all probable speeds of the submarine. 
Such a material was designed by E. Meyer f and his staff. It 
consists essentially of a rubber-air-steel sandwich. A sheet of 
thin loaded rubber (containing 40 per cent, carbon black and 
5 per cent. ZnO) has a pattern of small holes punched in it, the 
size and numbei of these holes depending on the frequency range 
to be absorbed and on the thickness of the steel backing plate. A 
smooth sheet of thin ‘ lossy ’ rubber is cemented over one face of 
the punched rubber sheet, the other face being cemented to the 
steel plate which forms the outer hull of the submarine. The 
total thickness of rubber attached to the steel plate is about 4 mm. 
The cylindrical air cavities thus trapped between the smooth 
outer rubber layer and the steel hull, when set into vibration by 
the incident sound, act with the lossy rubber, as powerful absorbers. 
Reflexion factors below 10 per cent. i.e. absorption factori 
higher than 99 per cent, were obtained in the frequency range 
9 to 18 kc./s. The effects of pressure (up to 18 atmospheres) 
and temperature (4® to 16® C.) were studied in relation to the 
reflecting properties of the material. This method of sound 
absorption should prove very convenient in small experimental 
tanks within certain limits of frequency. 

Electro"Acoustic Reinforcement of Speech 

The use of loud-speakers to reinforce the voice of a speaker In 
large auditoria, e.g. churches, concert halls, theatres (closed and 

♦ UBdeT'Water Sound I^b., Florida. 

t S«e ‘Reetmanee Absorber for Water-sound,’ E. Meyer and H. Oberit, 
Aka^t. Bdhefte, 3« AB 149, 1952. 
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op^n-air) and public halls, has now become common-place. It 
is only comparatively recently, however, that such reinforcement 
has given reasonably satisfactory results. The trouble arises from 
the fact that loud-speaker reinforcement often involves a loss of 
realism, the voice appearing to come from the loud-speaker and 
not from the person speaking. In what follows we shall assume 
that the electro-acoustic equipment (the loud-speaker) is in itself 
above reproach (flat response over a wide range, and free from 
non-linear distortion). Research by H. Haas and E. Meyer 
at Gottingen * on room acoustics has an important bearing on 
loud-speaker methods of reinforcing speech. Their experiments 
were primarily concerned with the effect of a single echo on the 
intelligibility of speech. Two loud-speakers were used to produce 
(a) the primary sound and {h) the subsequent echo, the latter 
being delayed by any desired time-interval—using a magnetic 
tape-recording for this purpose. The two loud-speakers were 
arranged at a distance of several meters from the observer and 
on different bearings. At first, both loud-speakers were, supplied 
with speech at the same intensity. With no time delay, the speech 
appeared to come from a point midway between the loud-speakers, 
but with time delays h^tiveen 5 and 35 milliseconds, the sound always 
appeared to come from the ‘primary’ loud-speaker, the ‘echo* 
speaker not being f)erceived. Delays of 50 m.sec. or more resulted 
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a 
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in a distinct separate 
echo being heard. 
The effects were inde¬ 
pendent of the relative 
bearing of the ‘echo’ 
loud-speaker, but the 
resultant loudness was 
proportional to the 
total increase of 
power. In fig. 154a 
is displayed the results 
of tests of a large 
number (about 1(X)) 
observers. Loss of 
intelligibility of speech 
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(luillisec. interval between primary sound and echo), for a series 
of .dillerent echo strengths Irom 10 db. below to 10 db. above the 
primary sound strength. For example, with primary and echo 
strengths equal, a 10 i)er cent, loss of intelligibility occurred with 
a tiine delay of 40 milliseconds, the corresponding time delays 
for echo strengths -f-lO db., —3 db., and —6 db. being 34 m.s., 
60 rn.s., and 80 m.s. The work of Haas and Meyer has been 
extended by P. E. Doak and R. H. Bolt * to the case of multiple 
echoes in large rooms, or for a number of loud-speakers situated 
at various distances from the observer. In applying the ‘ Haas 
effect ’ to speech reinforcement systems, two factors are of 
importance ; (1) to ensure that the speech appears to emanate 

from the person speaking, all ‘ echoes ’ (as from secondary loud¬ 
speaker sources) must have a time delay between 5 and 35 milli¬ 
seconds, and (2) the ‘echoes’ must have such relative strengths 
as to cause minimum loss of intelligibility. The application of 
these principles to practical cases has been described by P. H. 
Parkin and W. E. Scholes.f They refer to high and low sound 
level systems. In the fenner the loud-speaker sound should 
reach the listener 5 to 35 rn.sec. later than the direct unamplified 
sound and should not exceed it in amplitude by more than about 
7 db.—the required time delay in this case can often be obtained 
by placing the loud-speaker further from the audience than the 
person speaking. With the low level system realism can be 
’maintained by introducing successive time delays for each loud¬ 
speaker channel corresponding to the time taken for the direct 
sound to reach the listeners, pliis 5 to 35 milliseconds. These 
systems have been tried out, with conskierable success, in St 
Paul’s Cathedral,t and in the Finsbury Park open-air theatre. 

G. R. Schodder, F. K. Schroder, and R. 'Fliiele § have used 
the Haas effect to improve the audibility in a theatre by means of 
a time-delayed ‘soft-speaker’ arrangement—this being similar to 
the low level arrangement described by Parkin and Scholes. 

The Haas effect, briefly outlined above, was demonstrated to 
the author by Prof. E. Meyer in 1950. An interesting modifica¬ 
tion was also demonstrated to illustrate the effect of delayed 
‘ feed-back ’ on speech. A speaker is asked to recite or read a 
passage from a b(x>k and his speech is returned to his own ears, 

•/. Ac. Soc. Amer., 22 f4), 507, 1950. 

t mreless World, Feb. 1951. 

t P. H. Parkin and J. H. Taylor, Wireless World, 58, p. 54 and p. 109, 
X952; and Nature, 169, 214, 1952. 

I Akust. Btihefte, 2, AB U5, 1952. 
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via. headphones, say \ second after he has spoken. Tliis is achieved 
by the use of a magnetic tape-recording with adjustable delayed 
pick-up magnets. At the first reading the feed-back is cut off and 
the reader proceeds to read in a normal way. On the second 
reading, however, when the delayed feed-back sjjeech is connected 
through the headphones, the reader begins to hesitate and stammer 
and finally is compelled to abandon the attempt to read. This 
effect of the delayed feed-back is most impressive. More recently 
W. R. Tiffany and C. N. Ilanicy* have employed this method 
as a test for auditory malingering and for psychogenic deafness. 
On a genuinely deaf person, of course, the delayed feed-back has 
no effect and he reads normally, but with normal hearing the 
effect is complete failure to read! 


Acoustics of Large Halls 

Since the early pioneer work of Sabine much has been said 
and written as to the acoustic reqtiirenients of the perfect audi¬ 
torium, and the ways and means of achieving lliem. In the 
majority of large concert halls the simple exponential die-away of 
a short pulse of sound is seldom experienced. As a rule the system 
of multiply-reflected waves between one pair of walls in a large 
room dies away at a different rate from that of another pair of 
walls. Modes of vibration of nearly equal frequencies set up 
beats by interference. Large fluctuations of intensity may occur 
at any specified point in a hall depending on these and other 
factors of a like nature, which re.sult in serious departures from 
the simple state of affairs envisaged in the early theories of room 
acoustics. W. Tak,f in describing methods of measuring 
reverberation, shows a numl>cr of typical decay curves, some with 
double slopes (logarithmic recording) prod...ed by normal modes 
of vibration with different decay rates, and others shoving large 
fluctuations due to various causes. The usual definition of 
reverberation time as the interval between cutting off the sound- 
source and the instant when the pressure-level has fallen 60 db. 
below its initial steady value, may not in such cases be sufficient 
to define the acoustic characteristics of the hall. The question 
of fluctuations in the decay of sound has been studied by numerous 
observers, «.g. J. P. MaxfieldJ R. G. Jones,§ R. B. Watson,|| 

* Science, 115, 59, 1952, f Philips Tcchn. Rev,, 8 , 82, 1946- 

tJ..Ac. Soc. Arner,, 11, 48 , 1930 . ^ ibid., 13, 82, 1941 ; 18, 119, 1946. 

\\lbid„ 11. 324^ 1940. 
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D. Y. Maa,* R. H, and Doak and WesterveltJ These 

fluctuations influence hearing in a manner which is not describable 
in tenns of average decay rates. The psychological effects of 
the fluctuations have not been sufficiently studied, and pure 
physical measurements do not necessarily reveal what is wanted 
by the listener. The subjective nature of so-called ‘good 
acoustics’ is, and is always likely to be, an important, variable 
and almost unknown factor. This side of the question in relation 
to the good design of concert halls is revealed in discussions on 
‘Concert Hall Acoustics,’ and on ‘Musical Quality in Concert 
Halls,’ organised by the Physical Society Acoustics Group. § 
These discussions were attended by musicians, music critics, 
architects and scientists, ranging over the whole field of concert 
hall acoustics. It would be very difficult to summarise all the 
views expressed by such a variety of points of view—even everyday 
terms such as ‘echo,’ ‘resonance,’ and ‘reverberation’ had 
different meanings when used by speakers in different professions. 
Some of the features discussed related to (1) echoes; (2) rever¬ 
beration; (3) resonance; (4) singipg tone; (5) clarity, definition, 
brilliance; (6) loudness to be adequate in all seats; (7) sire of 
audience and consequently of the auditorium; (8) orchestral and 
choral effects; (9) organ position; (10) acoustic and physical 
‘comfort’ of the performers, and so on- In the 1951 discussion 
the mam feature was the consideration of the musical qualities of 
the Royal Festival Hall. The general opinion on these qualities 
was favourable but there was a considerable amount of criticism. 
W. A. Allen and P, H. Parkin H have described the internal 
acoustics of the auditorium of this hall, and the means^ taken to 
exclude sound from outside, the latter being of great importance 
in view of the noisy site of the hall. The relative acoustic merits 
of concert halls are difficult to determine reliably. To eliminate 
as many variables as possible in a comparison of seven different 
concert halls, T. Somerville (B.B.C. Research Dept.) arranged 
that the same orchestra and conductor should perfomi the same 
music in each hall, records being made with the halls full and 
using a nonj-directional microphone in a position to give a realistic 

*/. Ac. Soe. Amer., 18. 134, 1946. 

t/. Ac. Soc. Amer., 18, 139, 1946 ; and 19, 79, 1947. 

t/. Ac. $oc. Amer., 22, 328, and 507, 1950* 

8 /. Ray. Inst, of Brit. Arch., Dec. 1948 ; Jan. 1919 ; and Dec. 1961-. 

. |j The Architectural Review, June 1951. 

(Quarterly, 8, No. 2, 1953. 
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rendering. The records were then played, via the same loud* 
speaker and listening conditions, to expert musical critics and to 
members the general public. Experienced musicians could 
pick out the salient acoustic characteristic and ‘recognise’ concert 
halls, but the ‘general public,’ who form the large majority of 
listeners, were quite unable to produce significant opinions'—a 
somewhat disappointing but not entirely unexpected conclusion! 

Much valuable work on the acoustics of large halls has been 
done in recent years by Prof. E, Meyer an)d his collaborations at 
Gottingen.* They have made a study of many large concert 
halls, theatres and churches in (jennany and have made model 
experiments using higher frequency sounds (to scale) to examine 
particular features of sound distribution in large halls, e.g. studies 
of echo, scattering, absorption, angle of incidence,f use of grooved 
walls (goffering) to increase sound diffusion,J etc. As a part 
of these investigations mention may be made of a study by R. 
Thielef of the directional distribution of sound in various 
broadcasting studios, theatres and churche.s in Germany. He 
measured the sound intensity coming from different directions by 
means of a directional microphone (a parabolic reflector 1''2 m. 
dia. with a microphone at the focus) when a stationary sound- 
source is emitting a broad frequency band. PVom the measured 
intensity with respect to direction an estimate of the ‘directional 
diffusion’ at a point in the room can be made, A ‘directional 
diffusion’ of 100 per cent, indicates a constant intensity for all 
directions. Due to the sound coming directly from the source 
and to the first reflections from the walls this value is never 
attained. P'or different rcx)ms values between 13 and 66 per cent, 
have been observed. C.R.O, records were also made when the 
source was emitting a short pulse, and the ratio of sound energy 
arriving during the first 50 milliseconds to the whole energy 
arriving at the observation point was measured. Tor this ratio, 
characterising the ‘definition’ at a place in a room, values from 
10* to 90 per cent, were measured in different rooms. 

An interesting investigation of the acoustics of ancient Greek 
and Roman theatres at Orange and Vaison in France has been 
made by F. Canac.§ He concludes that the excellence of these 

* $ee papers in Acmtica and Akust. B^hefte, 19514. 

fF. IC Sclirfider, ‘Sound Absorption as a Function of Angle of 
Incidence,* AcusUcut 3, 54, 1953. See also A. Sekoeb, Aeuidca, 2, 1S9. 
19S2. 

t4kust. Bdhefu, 2, 291, 1953. 

I /• Hof Inst, of British Architects, July 1949. 
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theatres, a result of centuries of progress in theatre architecturcj 
are due mainly to: (Ij protection against exterior npises by means 
of the stage wall and peristyle; (2) the absence of echo, and the 
scattering of the sound by the stage wall (recesses, columns, 
niches, and statues); (3) absoiplion of sound on the sides; (4) 
equalisation of sound intensity on the seating; and (5) absence of 
stationary waves along the seating owing to their circular form. 
In spite of all the progiess which has been made in the design 
of large concert-halls and similar auditoria one is left with the 
feeling that the reejuirement is largely a question of public ‘taste*, 
and that there is still much to be done. The problem is complicated 
by the fact that we have so few subjective standards which art; 
applicable. The excellent w'ork on tliis subject, in America, 
Germany, and in this country has tlirown much light on the 
subject as revealed in the design of new concert-halls and in the 
improvement of older auditoria by the introduction of speech- 
reinforcement systems, based on the work of Meyer and Haas. 
The physics or objective aspect of the subject is becoming much 
clearer than it w'a.s in the early days w'hen Sabine introduced the 
valuable conception of reverberation-tirne, but the subjective 
aspect is much the same now as it was then. Every musician has 
his own jjei'sonal views, based naturally on his owm experience, 
but the multiplicity of such views only serves to make it more 
difficult to formulate principles of design which can be followed 
by the architect. 


The Recording and Reproduction of Sound^ 

{a) Gramophones and Loud-Speakers—The liistory of .the 
mechanical recording of the sounds of speech, and music may be 
said to date from 1864, when the Phonautograph of Scott and of 
Konig was invented. In 1877 Edison obtained sound records 
by a similar device, but instead of using a smoked surface the 
recording styles engraved its vibrations on a tinfoil or waxed 
cylinder. A rc-lraveise of the ‘record’ by the stylus resulted in 
the reproduction of sounds by the diaphragm. The great progress 
made in the .development of such devices is largely due to the 


♦The reader i» recommended to con.sult (a) Proc. Inst. Elec. Eng,, 
^Discussion on Loud Speakers, etc..’ Nov. 1923 ; (h) Itfaxfield and Harri¬ 
son, Bell System Techn. Journ., S, p 493, 1926 . (c) S. T. William?, Sdurn. 
Frank. Inst., 202, p. 4J3, Ocr. 1926 ; and (d) A. Whhaker, Journ. Sci. 
Jnstrs., 5, p, 35, Feb. 1928. See al?o Loud-Speakers, N. W. Md^achlan, 
Oxford Uoiv. Press. 
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application of electrical principles to mechanical operations. The 
striking electro-mechanical analogy which has been found so 
convenient in studying complex mechanical problems is nowhere 
more clearly illustrated than in the design of sound-reproducing 
apparatas such as the gramophone and the loud-speaker. Before 
dealing with this aspect of the question, however, it may be well 
to refer to some of the requirements of good sound-reproduction. 
First of all, it is desired to produce sounds at one place which are 
a faithful copy of those originating at another place. Secondly, 
it is desirable that the reproduced sounds should be of consider¬ 
able intensity—approximating at least to the intensity of the 
original sounds. In other words, the ideal ‘reproducer’ would be 
a secondary source equivalent in every respect to the primary 
source of whatever nature. Mechanical transformation of com¬ 
plex wavc-forrns, c.g. from one type of vibration to another, or 
from one amplitude of vibration to another; or conversion! of 
mechanical into another form of energy {e,g. electrical or thermal) 
involves d'lstorticm. Only the simple hannonic type of vibration, 
the pure tone, is transmitted without distortion; but in speech 
and music we are almost invariably concerned with the trans¬ 
mission of complex types. The chief danger is that due to 
resonance. In aiming at loudness there is a temptation to 
employ resonance—the majenity of diaphragm sound-reproducers 
(telephones, loud-speakers, etc.) have resonance peaks more or 
less flattened by damping. Such resonances, unless great 
precautions are taken to counteract them, inevitably lead to 
distortion, those components of the sound to be reproduced 
which coincide most closely with the resonant frequencies being 
disproportionately emphasised. It is perhaps fortunate that the 
ear is sufficiently accommodating to ignore fairly largo defects 
in sound reproduction. For example, a 10 jaer cent, error in 
intensity, or even more than tin’s, would generally pass unnoticed. 
The accuracy of intensity reproduction need not be very great to 
conform with such a standard. With regard to frequency repro¬ 
duction, however, the ear is much more exacting, slight errors 
in pitch (or to be more precise, slight errors in the relative 
pitch of component sounds) being readily observed. It is 
fortunate that the practical difficulties involved in frequency 
reproduction are far less serious than in intensity reproduction. 
Reproduction of sound involves the preliminary processes of 
reception, and possibly of recording, transmission, and amplifica¬ 
tion. In dealing with sound reception and recording we have 
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alxcady considered various types of mechanical and electrical 
receivers and the important factors influencing the choice of 
a receiver for distortionless recording or transmission. The 
process of sound recording and reproduction is best illustrated in 
the case of the gramophone. Recent development* has followed 
the lines of regarding the mechanical system as analogous to an 
electricai band-pass filter circuit, which may be so designed that 
it transmits a certain range of frequencies without loss whilst 
disregarding all other frequencies- Both the recording and 
reproducing systems are good examples of the use of this analogy. 
It would require too lengthy a description), however, to deal with 
this analogy in detail, but the diagram shown in fig. 155, taken 
from Whitakei^s paper, may serve as an illustration of the ix>int. 
In recording it is necessary to have a mechanism such that for 
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equal input energies at any frequency the maximum velocity of 
the cutting stylus is constant, tlie amplitude of vibration varying 
inversely as the frequency. Velocity in the mechanical system is 
equivalent to current in the electrical network- Compliance 
represents capacity, or stiffness the reciprocal of capacity. Masses 
represent inductances, and frictional* forces or non»-reactive loads 
are equivalent to resistances. In deriving the equivalent circuit 

of any mechanica? device a stiffness between two consecutive 

» 

* See, lot e)campl«.. Maxfield and Harrison or Whitaker, loc. cff., al«o 
Bell baborAtoriea Record, Nov. 1928. 
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moving members is represented by a shunt capacity, and between 
a moving member and a rigid support a series capacity. A great 
difficulty in designing such mechanical systems is the lack of 
satisfactory non-reactive mechanical resistance. Maxfield and 
Harrison describe a recording system, designed on the lines of a 
filter system, which has no prominent resonances within the 
range of speech frequencies. The frequency characteristic of 
such a recording system is approximately a horizontal straight 
line (constant amplitude) from 250 to 5000 p.p.s. A gramophone 
reproducer is designed on similar lines. Recently the electrical 
gramophone reproducer has developed; the needle is attached to 
a ‘pick-up’ which converts the mechanical vibrations into 
electrical oscillations, these being amplified and used to operate 
loud-speakers. JThis system and the corresponding electrical 
recording system have many advantages over the older method 
of direct mechanical recording and reproduction. The flexibility 
in the design of the electrical system to give any desired frequency- 
characteristic is a great advantage. The design of the loud¬ 
speaker must be considered, in this case, in relation to the 
electrical circuits with which it is used The desirable features 
in gramophones and loud-speakers are dealt with in a number of 
papers by various authorities in the Proceedings of the Electrical 
En^neerSy November 1923.* The practical considerations are far 
too numerous to mention here, but the essence of the problem 
of faithful reproduction lies in the avoidance of prominent 
resonant frequencies in the electrical and mechanical systems. 
Such a result may be achieved to a certain extent (<j) by arrarrging 
that the natural frequencies of all the elements of the system are 
far removed from any frequency it is desired to reproduce; (b) by 
the introduction of heavy damping; or (c) by making use of 
multiple resonancef or band-pass filter circuits (mechanical and 
electrical). A comprehensive treatment of the theory and design of 
loud-speakers, electromagnetic, electrostatic, and piezo-electric 
types using horns or conical diaphragms, has been given by N. W. 
McLachlan in Loud Speakers (Oxford Univ. Press). 

{b) Optical Methods of Recording and Reproducing Sound. 

Sound Films —Hitherto it has been customary to record sounds 
optically by transverse vibrations such as, for example, the trace 
made, by a vibrating spot of light on a moving photographic film. 

* See also Proc. Phys. Soc., 36, p, 114, Feb., and p. 211, April 1924 

tSee Hothwell, Nature, Feb. 24, 1923 ; and Porter, Phys. Soc. Proc., 
Feb, 1924 
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The record thus obtained does not lend itself readily to isound 
reproduction. If, however, the sounds are recorded photo¬ 
graphically by means of changes of intensity of a beam of 
light, reproduction is a relatively simple matter. This pro¬ 
cess was tested by Riihmer* in 1900, but his methods were 
not very satisfactory. A simple and effective method is de¬ 
scribed by A. O. Rankine,t making use trf a device known as the 
^photophone’ In this device, deigned for the transmission erf 
speech by light,J the light from a point source is collected by a 
lens of about a metre focal length and an image formed on a small 
concave mirror which is attached to the diaphragm of a gramophone 
sound-box or to the reed of a telephone earpiece. The light 
diverges and passes through a second similar lens, which projects 
it to the distant station. Two similar grids are mounted—one in 
front of each lens. .An image of the first grid is superposed on 
the second by reflection in the small concave mirror. When tfie 
latter oscillate.^ under the vibrations of speech the dark spaces of 
the image-grid move over the openings of the second grid, thus 
producing fluctuations of intensity in the beam. In the photo¬ 
phone this fluctuating light is received by a collecting lens or 
mirror and focussed on a selenium cell in circuit with a battery 
and telephones. The resistance changes of the selenium result 
in the reproduction of the original sounds in the telephones. If, 
however, the sounds are to be recorded, the beam of fluctuating 
intensity is focussed on a .slit of which an image is formed by a 
lens on a moving photographic film. Examples of the resulting 
record are shown in fig. 156, which represent the fluctuations of 
light intensity due to a tuning-fork and various spoken woirds. 
The sound picture actually represents an Instantaneous’ view of 
the succession of compressions and rarefactions in the associated 
sound wave. For reproduction of the sounds light from an 
illuminated slit is focussed on the film, behind which is placed 
a photo-cell in circuit with an amplifier and loud-speaker. 
As the film moves, the intensity of the light reaching thte celt 
varies in accordance with the density of the film, and the corre- 
^onding sound is reproduced. A somewhat similar process is 
used in the production of phonofilms or ‘speaking pictures.’l 


• Ernst Rtthmer, Vireleu Telephony, 19"07. 

^Prac, Phys. Soc., 32, p. 78, 1920. 

% Proc^ Phiys. Soc,, 31, p. 242, 1919. See also Proc. Opa Convention, 
pu ii, 1926. 

ISee -C. F. Blwell, Wireless World and Radio Review, 15, p. 466, 
Jan. 7, 1925. 
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The sounds from the speaker are received by a sensitive micro¬ 
phone, amplifted, and the current variations used to fluctuate the 
light emitted from a special form of lamp (invented by T. W. Case). 
The light is focussed on a fine slit placed close to the cinetna film 
and occupying a width c{ 0*V in of the film. The variations of 
intensity are thus recorded on the continuously moving film in 



Fio. 156—Sound-film Rccoids 
(Uvcouil(^\ ')i Ciol. \ i) K.iiiKiii'' .Hill rii( (.il ( iiii\ ( I'.tiijii) 


the form of a band of varying blackness. The reproduction of 
the sound takes place by passing light through a similar slit in 
contact with the continuously moving film, beyond which is a 
sensitive photo-electric cell. The current fluctuations on the 
cell, as before, are amplified and passed through a loud-speaker, 
which is mounted near the screen on which the moving pictures 
are projected- It is important to observe that the sound is 
recorded and reproduced on a continuously moving film, ie. on 
the film before it enters the ‘gate’ where the motion is made 
intermittent (15 to 20 p.p.s.) for cinematography. This method 
of producing phonofilms guarantees perfect synchronisation 
the sound and the picture, for the sound-record 
is made near the edge of the film simultaneously with the 
cinema picture. The sound is, however, often recorded witih 
success after the pictures have been filmed. 

The sound-recording system fer talking films as developed by 
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the Bell Laboratories* utilises the variable density photographic 
method and the Wente ‘light valve.* The latter comprises a loop 
of aluminium tape centred under tension in the gap of an electro¬ 
magnet to fcrm a window 2X256 mils. Light through this slit 
is accurately focussed as a line 1X100 mils, perpendicular to and 
near the edge of the standard photographic film. The resonant 
frequency of the aluminium strip is very high (about 7000 p.p.s.). 
As it vibrates it varies the amount of light passing through the 
slit—hence the description ‘light valve.’ 

An alternative to the variable-density method of sound-film 
recording is the variable-area or variable-width method.f In this 

ease a narrow light- _ 
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process of reproduction this seriated black band as it moves over a 
slit varies the total amount of light passing through the illumin¬ 
ated slit to a i>hoto-electric cell. The photo-cell currents are 
amplified and the sounds reproduced in. a loud-speaker as before. 
Fig. 157 illustrates the various types of sound-film records. It is 
essential, of course, in all sound-film recording and reproducing 
arrangements that the speed of the film must be constant to a high 
accuracy (about 1/1000). Special precautions must be taken to 

"•^Sce Bell Dysutm Techn. Journ,, 8, Jan. 1929. 

t See E. C. Wente, Motion Picture Eng'neer Trans., 12, p. 657, J 
L^ken, E.T,'£., pp. 1693 and 1728, 1929 ; articles in fPireless Uror'd, 
April 10, 1929, etc.; G. D. West, Roy. Sac. Arts 75, p. 792, 1931 ; 

‘ Sound Recording,’ by H. A. Frederick, Rev. Sci. Insts., 5, p. 177, 1934 ; 
■J. .F. Schouten, Nature, 141, p. 914 May 21, 1938 ; P. Kotowski and 
H. liofate, Tecknik u. EUctro-^usdk, 43, pp, 63 and 88, 1934, 
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reduce the background noise, due to defects in the film, etc. This 
is particularly important in variable-width recording when the 
disturbing background noise may become serious for the siryaH 
sound-amplitude portions of the record. 

Numerous other optical methods have been examined, with 
varying degrees of success, to modulate a beam of light as a means 
of sound reproduction. Use has been made of the Kerr electro- 
optical effect, and the Faraday magneto-optical effect, and of 
the luminous electric discharge in gases. Kerr Grant,* in 
co-operation with Messrs. Hilger & Go., has succeeded in inter¬ 
rupting light at very high frequency by means of a quartz 
piezo-electric resonator placed between crossed Nicol prisms, but 
attempts to photograph the flashes at 144,000 p.p.s. were not 
successful. The intensity of the flashes could be modulated .by 
varying the oscillating voltage applied to the crystal. 

ic) Electro-Magnetic Sound Recording and Reproduction— 

The possibility of magnetising a continuously moving steel wire 
or tape by alternating currents in such a manner that the variations 
of magnetisation along the length of the tape represent the varia¬ 
tions which occurred in the alternating currents during recording, 
has led to a system of sound recording and reproduction which has 
imjwrtant technical uses. This method of recording is described 
by C. Stifle,+ and the theory of magnetic sound recording has 
been developed by E. Hermann.J A great convenience of the 
method lies in the fact that the record may be reproduced almost 
immediately after it has been made. The microphone currents, 
generated by the sound to be recorded, are passed through a small 
electromagnet, the chisel-ended pole.s of which embrace the steel 
recording-tape. The latter, moving at a uniform speed, is 
magnetised transversely and the residual magnetisation along its 
length fluctuates like the microphone currents which were used in 
impressing the magnetic record. When such a magnetised tape 
is passed between the poles of another electromagnet, in the 
reproducer, the flux variations induce corresponding currents in 
the electromagnet. These currents are amplified and passed into 
a loud-speaker, which reproduces the original sound. Errors in 
recording may be erased from the tape by means of D.C. Svipe- 
,out* magnets which impose a steady magnetising field on the tape 
as ’ it. pi&ses through the machine. The record is reasonably 

• Loc. cit., p, 144. 

fE.T.Z., 51, HelL 13, p. 449. 1930, 

t E.N.T., 9. No. JO, p. m etc., 1932. 
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pemiancnt and may be reproduced at auiy subsequent time at Miy 
desired speed. A steel tape having a large coercive force has been 
specially developed by the Lorenz Company,* whilst the A.E.G 
use a film coated with a deposit of iron. A summary on ‘Magnetic 
Recording’ is given by Frayne and Wolfe in Sound Recording 
(Wiley, published 1949). They describe the principal features 
of the various methods—the steel wire and steel tape recorders 
and the more recent tapes which consist of polyvinolchloride 
impregnated with iron oxide (Fe 203 ), or of black iron oxide 
(Fe 304 ) on coated paper. The latter have a maximum response 
at a frequency of about 4 kc./sec.., and continue to work well at 
frequencies as high as 10 kc/sec. Frayne and Wolfe deal with 
the questions of recording spewed, magnetic noise, and D C. and 
A.G, erasure methods. The fact that magnetic tape records can 
be erased and re-used as many times as desired opens up a wide 
field of application for magnetic recording in research, broad¬ 
casting, and in industry. Magnetic sound track records have 
distinct advantages in connection with colour films w'here the 
coloured sound-track presents difficulties in optical methods of 
recording. An important application of magnetic recording which 
is in every day use is to transcribe radio broadcasts for later 
release. This type of recording also lends itself to ‘editing’, 
the deletion or insertion of sections or even individual words 
on the record presents no difficulty. Splices in the tape either 
cannot be heard or pass unnoticed. The quality of ihe reproduced 
sound is remarkably good; distortion and noise are almost 
negligible and the frequency response extends over a wide range 
(from about 30 c./s. to 15 k.c./s.). The advent of magnetic 
memory devices has opened up a new field also for magnetic 
recording heads. O. Korneif describes multi-channel heads 
containing as many as fifteen five-channel blocks. These'‘memory 
records’ have, for example, been used in electronic computers, 
research laboratoiy duplication of field conditions, stereophonic and 
binaural sound tracks, automatic machine operation, memory 
storage, broadcasting records. 

(d) Electronic Musical Instruments—^Although it is not the 
purpose of this book to deal with musical instruments in detail 
(e.g. see remarks on p. 558), it is important to refer to develop- 

♦ ‘Die neue Stahltofi-Bandmoichiae,’ Lorenz Berichte, p. 49, Jan. 
1936 ; ‘ Magnetic Recording of Sound,’ Wireless Engineer, 13, p. 17.S, 
April 1936. 

t*Brash Strokes’ (Brash Development Co.), March 1952. 
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merits in tlie production of musical sounds by means of valve 
oscillators and loud-speakers. Since the advent of Duddeil’s 
musical arc in 1899 efforts have repeatedly been made to develop 
musical instruments such as the piano and organ orr the basis 
of electrical oscillations, 'fhe older methods of production of 
sound by direct mechanical means are to be replaced by a more 
flexible method utilising valve oscillators, tuned circuits, \vavc- 
fillers, etc., with a key-board, in the case of pianos and organs, 
each key of which connects tlie ajjpropriate oscillatory circuit to 
the loud-speaker. Not only can the intensity and pitch lx; varied, 
but, in the case of the organ, the tone quality also by the intro¬ 
duction of the appropriate harmonics to the fundamental tone. 
The damped vibrations of struck strings can be simulated—giving 
pianoforte tones, and even violin tones can be reproduced. The 
electronic organ not only permits the musician to produce all 
the known and useful musical ‘effects,’ but introduces also 
hitherto unknown but useful effects. Wide ranges of fiequcncics, 
amplitude, and harmonic cwiposition arc possible by this means, 
which arc unknown in the more conventional musical instrumetits. 
P. Toulon* * * § has devised a photo-electric organ in some respects 
similar in }jrinci))lc to the ])holo-clcctric reproduction in sound 
films. Rotating discs replace the sound film and a series of 
.opaque discs with radial slots vary the intensity and tone of 
any note. It is not ])roj)osed to enter here into the details of 
electric organs, pianos, violins, etc.—for this, the reader should 
refer to published papers.f Such in.strumcnts are now in 
use in many cinemas and in a steadily increasing number of 
churches. 

An interesting evaluation of electronic organs, in comparison 
with the rnom conventional pipe-organ, is made by L, E. A. 
Bourn I (chief of research, The John Compton Organ Co.). He 
makes out a strong case for these instmments, particularly for 
broadcasting purposes and in reverberant churches where a multiple 
loud-speaker system can be installed. 

(e) Stereophonic Recording and Reproduction—In 1880, 
Alexander Craham Bell§ in discussing binaural audition refer^ 
to it as a ‘stereophonic phenomenon.’ Whilst to some extent 

• Ravuc d’ Acviistique, S, Nos. 3. 4, and 6, pj). 83 ami 146, 19.34, 

7 For «!xamplf', s-ec B. F. Mi«-s>snf‘r, ‘Electmnic Music,’ I.R.E. Proc., 
24, p. 1427, 1936, which contaiiif. many rcforcnces. The Uaminontf 

ami Martenot insiruments are depcriborj as well as the organ demnod 
hy Miessner. t Electronics Forum No. 13, March 1949. 

§ Am. /. Otology, July 1880, 
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this is true th^ statement requires some amplification. By 
analogy with stereoscopic vision we may also have stereophonic 
hearing. The importance of stereophonic reproduction is 
becoming more insistent with the advent of the S-dimensional 
film (e.g. ‘cinemascope’). K. de Boer, in a number of papers 
dealing with the formation of stereophonic images,* discusses the 
conditions which must be fulfilled in order to construct an 
installation for sound amplification or reproduction as used for 
orchestral music, sound film, or stage plays, in such a way that the 
‘acoustic image’ heard by the audience always coincides with the 
visual image which is seen. A review of the basic principles 
involved in stereophonic reproduction is given in a paper by 
W. B. Snow, f who considers that this system has now become 
of vital importance to industry. The principles of binaural 
audition and the perception of sound direction have been discussed 
in Section IV (p. 396). By means of binaural reproduction a 
copy of the sound arriving at a listener’s ears could be obtained 
by means of a pair of car-phones, each connected to a separate 
microphone, but this system would be impracticable for a large 
audience. In an ideal stereophonic system a large number of 
distributed small microphones receiving the primary sound and a 
corresponding number of loud-speakere to reproduce it in the 
auditorium would be required. A more practical arrangement 
uses 3 channels of this kind, which gives a satisfactory auditory 
perspective with a certain amount of ‘depth’ localisation as well 
as a tolerably satisfactory sense of direction (angular localisation) 
of the sound. Such an arrangement may be used in public 
address systems or in reproduction from film or other media, 
whether from recordings or from direct transmission by wire or 
radio. J. Moir and J. A. Leslie^ in discussing the stereophonic 
reproduction of speech and music consider that distortion due 
to ‘flutter,’ ‘boominess,’ etc. are reduced. This may be due 
either to the distortions being less detectable by the observer, or 
that he may be subconsciously overlooking such defects in view 
of the increased satisfaction produced by the stereophonic sound! 
The adaptability of magnetic tape and film recording methods to 
stereophonic sound is apparent, and these strip media are relatively 

• FhUUp Tech. Rev., 5, 107, 1940; 8, 51, 1946 ; and 9, 81, 1947. 

f/. Soc. Motion Picture Television Engrs., 62, 567, IVov. 1953, Sen 
ako /. G, Frayne and H. Wolfe, ‘Soiwd Recording,' (J. Wiley and Sana 
19«H; and Harvey Fletcher, JJSM.PJ.E.. 61, 355, 1953. 

12* No. 6, 360, 1932. 
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unlimited as to the number of channds. For two-channel 
recording, disc methods are also practicable,* two grooves being 
used in parallel, one starting near the outer edge and the other 
near the centre of the recording area. In another two-channel 
disc record a single groove is used with one channel recorded as 
a vertical and the other as a simultaneous lateral track. 

In a system developed by Harvey Bletcher {loc. cit.) at the 
Bell Telephone Labs, an attempt was made to record and reproduce 
true stereophonic sound on film. Three microphones were used 
to record three sound tracks, the outputs of these in reproduction 
being fed to three loud-speakers. Although the stereophonic 
effect itself added markedly to the realism of the reprotluced 
sound, it was fourul desirable to add further to the realism bv 
proving an e.xtenderl volume and frequency range to correspond 
as closely as possible.to that existing in the primary or pick-up 
stage. Highly realistic sound was reprtxluced with tliis stenio- 
phonic arrangement. So far as the author is aware, true stereo¬ 
phonic recording in ‘live’ motion pictures ha.s not yet been 
publicly demonstrated. 


Alternating Power Transmission 

The closely analogy which exists between mechanical wave trans¬ 
mission and alternating current electric power Iransmi.ssion is 
demonstrated in a most impressive manner in a system devised 
by M- Constantinesco.f The method of transmitting hydraulic 
power with which we are most familiar utilises water at a pressure 
of, say, 1000 Ib./in.^ supplied from a pump and forced through 
pipe-lines to a ‘D.C. motor.’ This may be described as the 
‘Direct Current’ system, as it requires a continuous or direct 
flow of water. It is also possible to supply energy to a column 
of water enclosed in a pipe by applying alternating pressures at 
one end. By virtue of the elastic properties of the fluid in the 
pipe4ine this energy is transmitted in the form of longitudinal 
vibrations through the column, and may be used to drive an 
‘ Alternating Current ’ (mechanical) motor. A number of applica¬ 
tions of this method have been patented by M. Constantinesco, 

• E. Cook, Tele. Techn., 11, 48, Nov. 1952. 

f See The Theory of Sonics (Proprietors of Patents Controlling Ware 
Trinsonission, 132 Salisbury Sq., E.C., 19201; also Mechanical Propertied 
0 / Fluids, pp. 221-228 (Blackie, 1923). 
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who has employed it to transmit large amounts of mechanical 
iwvv’cr by alternating pressures in water, the frequency being 
sufficiently high, e.g. 50 p.p.s., to be described as ‘sonic.’ The 
theory of the wave-transmission of power in pipes follows exactly 
the same lines as that of propagation of ordinary sound waves, 
riie soiiire A is a reciprocating plunger, which sends waves of 
couijivession and rarefaction along the water column ; the ‘ receiver’ 
B is tlie motor at the opposite end of the pipe-line. As in the 
case (rf ordinary sound also, stationary waves are set up by reflec¬ 
tion at the end, or at any point of discontinuity of the pipe. If 
the system is used efficiently the ‘ receiver ’ piston B will absorb 
all the eneigy and there will be no reflection ; if more energy is 
introduced by the piston A than is absorbed by B, reflected waves 
will be formed, and energy will accumulate in the pipe, which 
would ultimately burst- This is avoided by- introducing near the 
pistem a closed vessel filled with liquid, and having a volume large 
('orn pared with the volume-variation produced by the piston. 
With a motor at the end B of the line, absorbing only a fraction 
of the energy emitted'from the generator A, the stationary wave 
system is similar to that which we have already considered for 
a pipe closed by an imperfeict sound reflector (sec p. 358), i.€. 
the etfect may be regarded as being due to tw^o superimposed 
■stationary waves of amplitudes (^+r) and (a— r), the nodes and 
antinodes of one being X/4 distant from those of the other. 
(.Alternatively the wave-motion may be regarded as being com¬ 
pounded of a simple stationaiy wave with a travelling wave con¬ 
veying energy.) Under these conditions, therefore, a motor con¬ 
nected at any point of the pipe will be able to absorb energy to 
perform useful work. Conslantincsco has devised a ‘ three-pipe 
system,’ which is analogous in all respects to the ‘ three-pluase ’ 
■electrical system. The ‘generator’ in this case is a high-pressure 
reciprocating pump with three pistons and cranks 120° apart, 
the sonic power being transmitted through three pipe-lines to 
three-phase motors of similar construction. The three-phase 
system is usually employed as giving a more uniform torque and 
ease of starting. The rriean pressure in the system is maintained 
by a pump, which returns any water leaking past the pistons. 
The principle of the transformer has also been introduced into the 
system. 7'he single-})hase system has been applied commercially 
to recijjrocating rock drills and riveters, the alternating pressures 
bdng applied through flexible pipes comparable with electric 
cable. As in the corresponding eiectrical case there are energy 
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losses in the transmission line due to friction (equivalent to electrical 
resistance), the maximum amplitude diminishing exponentially 
along the pipe. The theory of wave-transmlsson in liquid>filled 
pipes has been given by H. Moss.* 


NOISE 

From time to time many definitions of noise have been sug¬ 
gested, but most of them fail in one way or another. From a 
scientific point of view the usual dictionary definitions are un- 
satbfactory. There can be no dispute, however, that we are 
dealing not with a simple physical problem, but with one involving 
a psychological and possibly a physiological point of view. The 
importance of noise in modern limes may be realised when it 
has reached a stage whes an Anti-Noise League has been formed 
and the British Standards Institutionf has found it necessary to 
define the term. The definition offered is ‘Noise—sound which 
is undesired by the recipient.’ We may, as alternative to this, use 
the slogan ‘a noise annoys.’ Such definitions as these imply, 
however, that noise is entirely subjective in character. A sound 
which pleases one person may be intensely annoying to another. 
For example, the sound produced by a loud-sjjeaker may please the 
owner, but not his neighbour; tlie sound of a pneumatic rock-drill 
may be a source of annoyance when it performs in a street, but of 
real pleasure to an entombed miner when it heralds the approach 
of the rescue party. 

Noise seems to be one of the penalties of civilisation. The 
volume of noise produced in industry by machinery, in the streets 
by motor traffic and pneumatic road-drills, on the railways by 
vehicles and track, in our homes by loud-speakers and motor- 
driven electric appliances, continues to increase. Tn 1933 the 
Anti-Noise League was formed with Lord Horder as c.iairman,. as 
a defence against the increasing volume of preventable noise. In 
1935 a noise abatement exhibition was held at South Kensington 
and was opened by the Prime Minister (the late Mr Ramsay 
MacDonald). Lectures on the legal, scientific, engineering, 
medical and hcmie aspects of the subject were given by eminent 
lecturers in their respective professions.^ The effect of prolonged 

• Proc. Inst. Meeh, Engs,, 1923. 

t Glossary of Acoustical Terms and Definitions, Pub. No. 661, 19.36. 

(See Noise Abatement Exhibition, published by Anti-Noiee League, 
London, 1935. 

38 
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ncnse on the nervous condition of those exposed to it is difficult 
to assess, but there is general agreement that noise is a nuisance 
and a disturber of human happiness- Except in a few industrial 
occupations, e.g. boiler-making and riveting, in which persistent 
intense noise produces a form of deafness, no permanent effects 
of noise on the body have been establbhed- In regard to the 
functions of the mind, the psychological effects, noise has been 
blamed for a great variety of mental states from mere fatigue, 
irritation, or distraction of attention, to insomnia and nervous 
breakdcm^n. Human reactions to noise, however, are subtle and 
difficult to measure, and many of the claims mad© against nrase 
lack scientific proof. Under some circumstances it is claimed 
that a noise stimulus, particularly of a rhythmic character, may 
have a beneficial effect and operate as an incitement to effort—^in 
such a case, however, the sound can hardly be described as a 
‘noise’ in accordance with the B.S.I. definition. The effect of 
noise on industrial fatigue has been studied by tiie Industrial 
Health Research Board.* In their report it is pointed out that 
the psychological effects of noise vary according to the background 
against which the noise is heard and to the mood of the hearer. 
H. G. Weston and S. Adams, for the I.H.R.B., investigated the 
effect of noise on the output of two groups of weavers—one 
group being supplied with ‘ear defenders’ and the other left 
without. The use of the ear defenders reduced the noise level 
heard in the weaving shed from 96 decibels (a very high level) to 
81 decibels, i.e. 15 decibels reduction. The efficiency was thereby 
increased by about 8 per cent. Many experiments of this nature 
have been made with typists using ‘silent’ and ‘noisy’ machines— 
the effects on health and on oxygen consumption being studied. 
F. C. Bartlett and K. G. Pollockf investigated the effect of noise 
on the performance of certain tests, the result showing a slight 
diminution of efficiency under noisy conditions. The nervous 
reactions to sudden loud noises may be based on fear—a condition 
inherited possibly from our remote ancestors, the fear of a lion’s 
roar being replaced nowadays by that of the motor horn. Medical 
men have often referred to the serious effects of sleep disturbed 
by night noises—^particularly those of a sudden or impulsive 
character' such as explosive ‘exhaust’ noises, motor horns, and 
the like. Excessive noise has a definite tendency to prevent either 
relaxation or concentration in brain work, and on this account is 

* H.M. Stationery Office Report No. 65, 1932 and later. 

t Industrial Health Res. Bd. Report No. 65, 1932. 
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liable to promote either a highly nervous or alternatively a dulling 
effect on the brain. 

Before dealing with the question of noise reduction it is desirable 
first of all to consider the causes of noise and the methods of 
measuring noise levels. 

Some Sources of Noise—Every elastic structure or medium is 
a potential source of noise. All solids and fluids may be set in 
vibration which may be either simple or very complex in character. 
Solid bars, tubes, plates, etc., have, as we have seen in earlier 
chaptei-s, certain frequencies of fundamental and overtone vibra¬ 
tion. Fluid jets emerging from orifices or impinging on solid 
obstacles initiate complex tones due to vortex formation. In 
some cases these sounds arc produced deliberately, when a high 
efficiency of conversion of energy' into sound may be attained. In 
general, however, noises arc produced as an unwanted by-product 
in other forms of energy-conversion. Thus in converting the 
stored chemical energy of petrol into the mechanical kinetic 
energy of a motor car a certain small proportion is wasted and 
appears as noise in the exhaust or vibration of the frame of the 
vehicle. Although the percentage of the total energy lost as 
noise is unimportant in so far as it affects the efficiency of the 
engine, nevertheless the amount of noise emitted may be 
sufficiently serious as to require special suppression treatment. 
For example, an exhaust ‘silencer’ in a motor vehicle is now 
regarded as essential by law.* A harsh noise u.sually consists of a 
medley, or inharmonic mixture, of frequencies which most people 
would agree a.s definitely non-musical in character. Such noises, 
if they exceed a moderate intensity level, may become very 
objectionable. 

The noises of machinen' in workshops or in road vehicles are 
usually produced by vibration of the surfaces of the solid members 
of the stnicture or by explosive or pulsating effects setting masses 
of air into complex vibration. Noises are oftci characteristic 
of the particular type of engine or machine emitting them, e.g. 
the magnetic and aii-siren hum or singing of electrical machinery, 
the magnetostriction hum of A.G. transformers, the intermittent 
thudding noise of reciprocating engines, the screeching of defective 
gearing, the hissing of escaping steam or compressed air, the 
explosive noise of exhausts, and the tearing sounds of high-speed 
aircraft are samples of familiar noises. In a particular machine 
it is often possible to locate the principal sources of sound either 

• Motor Car (Excessive Noise) Reefolations, June 1929. 



568 


NOISE 


by simple aural tests or by the use of frequency indicators or 
recorders. By means of electrical recording of the nc^ and 
Fourier analysis of the wave-form Metro-Vickers* have tracked 
down the sources of noise and have effected considerable improve¬ 
ments in the silencing of A.G. motors and gear-cutting machines. 
The vibrations of turbine blades have also been studied with a 
view to making them more silent at high speeds. It is manifestly 
impossible to deal, in a limited space, vnth more than a small 
fraction of the possible causes of noise in machinery,^ but we may 
mention three of the more important types: 

(a) Lack of Balance in Rotating Parts —A wheel or a cam which 
is dynamically out of balance and is rotating at a high speed pro¬ 
duces an unbalanced reaction on its bearing once per revolution. 
This force of reaction is communicated to the base of the machine, 
or the body of the vehicle, and sets it in vibration- At certain 
speeds the frequency of the force may coincide with one or more 
of the natural frequencies of some part of the machine or its 
mounting. Large amplitude vibrations are then set up, and the 
sounds emitted may reach serious proportions. The remedy in 
such cases is obvious. 

(b) Shock Excitation —Sudden accelerations or retardations of 
high-speed parts of a machine produce corresponding reactions 
on the framework. The impulsive forces thus generated are ideal 
for setting in vibration resonant structures, such as rods, plates, 
or tubes. Unless all such structures are carefully damped the 
noise may become excessive. A badly sprung vehicle travelling 
over an imperfect road is subjected to such sudden accelerations, 
which ‘jolt’ all loose parts, setting them in vibration and trans¬ 
mitting the impulses to other parts of the structure which may 
resonate at audible frequencies. The noise from a tramcar$ or 
an improperly tended motor lorry with solid tyres is an extreme 
example of this. In a good engine or machine the only noises 
of this character are the high-frequency sounds resulting from the 
impact of valves on their seatings. Such noises can be reduced 
by screening. 

A problem involving very low frequencies arises in the case 
of vibrations set up in railway bridges when heavy engines pass 

• Engineering, p. 766, Dec. 21, 1928. See aleo T. Spooner and J. P. 
Foltz, Amer. I££. Journ., 48, p. 199, Max. 1929 ; B. G. Churcher and 
A. J. King, I.EJEJ,, 68, p. 97, 1930. 

tSee J. H. Hyde and H. P. Lintern, Proc. Inst. Civil Engs., Jan. 1929. 

tSee 'Reduction of Noise in Tramcars,’ G. H. Fletcher {Elect. Review, 
105, p. 90, July 12 and 19, 1929). 
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over them at various speeds. The unbalanced forces due to 
revolving and reciprocating masses in the engine impart shocks 
to the bridge. If these shocks are repeated at the appropriate 
time-intervals, i.e. at a certain speed of the engine, serious 
resonant vibration may be set up in the bridge, which may result 
in serious overstrain or damage to the structure.* In order to 
investigate the phenomena and to detennine the fundamental 
frequency of vibration of the bridge a special ‘bridge-oscillator’ 
was designed. This consisted of a heavy truck on which was 
mounted motors driving a pair of geared axles running in opposite 
directions and carrying heavy weights which could be varied 
according to the impulse it was desired to impart to the bridge 
at each revolution of the shaft. By varying the speed of the 
motor the frequency of the impulses could be adjusted to produce 
‘resonance’ in the bridge- The oscillations of the bridge were 
recorded by means of the Collins’ recording accelerometer (Gamb. 
Sci. Inst. Co.). The resonant frequencies of numerous bridges 
were determined in this way, values lying between 2 and 12 p.p.s. 
being found for bridges varying in span from 40 to 350 feet. 

The low-frequency vibrations of the hulls of ships have been 
studied by A. D. Browne, E. B. Moullin, and G. M'Leod Patersonf 
in conjunction with the Cunard Steamship Co. Damped harmonic 
vibrations are set up in the ship’s plating due to the impact of a 
wave on the hull. The relation between the amplitude of vibra¬ 
tion of the deck and the rate of revolution of the engines was also 
determined, recording seismographs being used to measure the 
amplitude and frequency of the vibrations. Resonance effects 
were observed at certain engine speeds. Fluctuations of propeller- 
troque, causing vibration of the hull, were recorded when the 
ship was pitching in a heavy sea-J 

(c) Explosive Noises —The exhaust from the cylinders of oil- 
driven engines is a frequent cause of irritating noise. The gas 
from the cylinders is expelled at high pressure into a medium at 
low pressure. As it leaves the ejection pipe large-amplitude 
oscillations follow the main explosion pulse. The only remedy 
for this is an efficient ‘silencer* or ‘pressure reducer.’ A large pro¬ 
portion of the noise from an aeroplane engine is due to this cause, 
and, in the case of civil aircraft, efforts are being made to reduce 

• Sir A. Ewing, ‘Vibration of Railway Bridgeai,’ Roy. Soc. Arts, 77, 
May 1929. See also Engineering, pp. 143 and 187, Feb. 1929. 

tSee Engineering, p. 650, May 24, 1929. 

tLoc. cit. 
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it. Motor bicycles are the most frequent offenders on the 
roads. 

On a railway, noise, proclaims defects in the track and looseness 
in the vehicles; on the track it tells the civil engineer that the 
road bed is uneven, and the mechanical engineer that the gears 
are not accurate and that the body and chassis are unsatisfactory. 
As an example of the research that is being undertaken to reduce 
such noises may be quoted the case of the underground tube 
railways in London.* These railw'ays have a much more difficult 
noise-problem to solve than the surface railways, for the noise 
made by the wheels and coaches as they roll on the steel rails is 
confined by the steel walls of the tube, and the sound reverberates 
in the tube with very little diminution of intensity. A coach 
which would be relatively silent on a surface railway might there¬ 
fore be extremely noisy in a tube. Analysis of the noises on the 
underground railways* has led to further experiments to mjake 
the coaches sound-proof and to ‘silence’ the tube track. Rapid- 
motion photographs show that the wheels of a train are not in 
continuous contact with the rails—that is, they do net roll along 
the rails smoothly, but proceed in rapid jumps. The impact of 
the wheels as they jump on the steel rails produces noise of great 
intensity. Attempts to reduce this noise by shrouding the 
wheels proved unsatisfactory, however, but lagging the walls and 
roof with sound-absorbent material, e.g. asbestos quilting, led to 
a little improvement. The noise appears to increase at a rate 
considerably greater than the increase in speed of the train. 
Experiments have also been made in connection with the track, 
the space between the sleepers being filled with ballast to absorb 
and damp out the vibrations. A section of the Piccadilly Tube 
tieated in this way showed some improvement. 

The noise problem is also a very important one in connection 
with the development of civil aircraft. In fact, the noise at present 
experienced in the cabins of aeroplanes is sufficiently serious to 
be regarded as a hindrance to commercial development. The 
question has been studied by W. S. Tucker,t who has analysed 
the sources and principal characteristics of such noises. One 
remedy is to line the cabins with sound-absorbent material 
{e.g. balsam wool); this reduces the sound to about ^th of that 
in a non-absorbent cabin. Hitherto little or no improvement has 
been possible in regard to the reduction of the propeller and 
exiiaust noise. It is important to note, however, that such ques- 

• See The Engineer, Oct. 12, 1938. t Proc. Roy. Aero. Soc., Jan. 19, 1928. 
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tions are now being regarded seriously, and that public interest 
has been aroused in the general problem of reduction of traffic 
ncMse. 

The Motor Car (Excessive Noise) Regulations, dated June 3, 
1929, make it an offence for any person to use a motor vehicle 
whicli causes excessive noise as a result of any defect in design or 
construction, or Jack of repair or faulty adjustment. It is also an 
offence under tlie regulations to use a vehicle which makes an 
excessive noise due to faulty packing or adjustment of the load. 
‘Excessive noise’ is, however, a tenn which is very difficult 
to define. 

Noise Measurement—It may be anticipated that the 
difficulty of defining noise, involving as it dex's psychological 



Fic. 158—Intensity-Loudness Relations (after Fletcher and Muii.suu) 
characteristics of annoyance or di.straction, will be still further 
increased in the attempt to measure it. In most cases, however, 
the loudness of the noise is the important factor, and a measure¬ 
ment of the over-all intensity and equivalent loudness, covering 
the whole range of audibility, is the most general requirement. 
Cases arise, however, in which it is necessary to perform a complete 
analysis of the complex noise either by a Fourier analysis of the 
recorded wave-fomi, or by other methods of sound analyris 
such as those which have already been described. 
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On p. 390 the relation between sound intensity and the 

equivalent loudness was discussed. The intensity level is c(m< 
veniemtly expressed by a logarithmic scale of ‘bels’ and ‘decibels,’ 
whilst the equivalent loudness unit is the ‘phon.’ Fig. 158, 
prepared from the measurements of H. Fletcher and W. A. 

Munson,^ shows the relationship between intensity level and 
equivalent loudness over a range of frequencies extending from 
30 to 4000 c./sec. These curves are convenient to use for con¬ 
verting noise intensities into equivalent loudness. It is interesting 
to note that over a wide range of intensity and over a large part of 
the audible range of frequencies, from 500 to 4000 c./sec., the 
loudness level in ‘phons’ is approximately equal to the intensity 
level in ‘decibels.’ The divergence from this simple relation 

increases at higher frequencies (not shown in figure) and at 

lower frequencies. For most practical purposes, however, the ^ 
extremes of the aural range of frequencies are unimportant, 
and we may regard the intensity level in decibels as expressing 
the equivalent loudness level in phons. Reference was made 
on p. 494 to F. Trendelenburg’s microphone-amplifier system 
designed to have an ‘ear-like’ response. With such a system, 
the simple measurement of the intensity level of the noise 
represents the equivalent loudness over the whole range of aural 
frequencies. 

As a fundamental basis of noise measurement an aural com¬ 
parison is made with a standard scale of loudness. The experi¬ 
mental realisation of this standard scale is a matter of some 
difficulty, involving a complicated technique and the resources of 
a research laboratory. In practice, how'cver, where only rough 
measurements of ncnse intensity level are required, relatively 
simple, and usually portable, apparatus is sufficient. 

Noise-meters, as they are called, usually cover a range of 130 
phons, the auditory range of the ear, and may be divided into two 
classes: ‘subjective’ and ‘objective.* The former class depends 
on the ear in the judgment of equality of the loudness of the noise 
and that of a standard tone,, whilst the latter class indicate directly, 
by means of a calibrated microphone-amplifier-indicator system, 
the sound intoisity on a logarithmic scale of decibels or equivalent 
loudness in phons. Such instruments, to be regarded as reliable, 
must be checked in a sound-standards laboratory. 

Subjective noise-meters employ a small source of sound, to 
provide the ‘standard tone’, which may, for example, be a tuning- 


*B9tt System Techn. Joum., 12, No. 4, p. 377, Oct. 1933. 
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fork,* an electric buzzer,f a valve-driven oscillator, or warbling 
tones, etc. As such instruments depend on the ear they may 
be expected to measure equivalent loudness of noises varying 
widely in character and intensity. It must be appreciated, how¬ 
ever, that the judgment of equality of loudness between a noise 
and a standard tone which may be of a very different character is 
scanetimes very difficult. The problem is analogous to that of 
intensity-matching with two sources of light of different colours. 
Individuals are found to differ considerably in judgment of loud¬ 
ness equality, and even the same individual is not always consistent. 
Unexpected or impulsive noises of short duration present increased 
difficulties. There does not appear to be much difference in 
practice whether the noise and the standard tone are introduced 
into the same ear or into different ears, provided the two ears are 
of reasonably equal sensitivity. Sometimes the standard tone is 
arranged to ‘ma.sk’ the noise, but thit requires a more careful 
judgment than in the case of equality-adjustment of the two 
sounds. 

Objective noise-meters require the use of a microphone to 
replace the car exposed to the noise under measurement. There 
are two types in general use; (1) those which measure the in¬ 
tensity level of the noise irrespective of the frequency, and (2) 
those which have ‘ear-like’ response characteristics and so attempt 
to measure directly the equivalent loudness of the noise. The 
former type require the use of the Fletcher-Munson curves 
(fig. 158) to convert the intensity level (decibels) into equivalent 
loudness (phons). The latter are of the Trendelenburg type 
already mentioned. All types of objective noise-meters require 
calibration in known sound fields which have been standardised, 
for example, by a Rayleigh disc. A. H. Davis has described a 
useful form of objective ncMse-raeterJ: for general purposes- The 
instrument can be used either to measure tlie intensity of the 
component frequencies of the noise or in selected fri.;qiiency bands. 
Provision is also made, if required, (a:) to obtain ear-like response 
up to the 40-phon level, (6) to correct for the resonance of the 
microphone. Numerous forms of noise-meter are supplied 
commercially, and it is now a very simple matter to measure 
approximately the intensity level of noise under a wide variety of 

• See A. H. Davis, Nature^ 125, p. 48, 1930; Phys. Soc. Disc, on Audition^ 
p, 82, 1931. See also K. E. Free, Acoust. Soc. Amer. 2, p. 18, 1920 ^ 
and R. H. Galt, p. 30. 

t See H. Barkhauaen, Z. /. Tech, Phys., 7, p. 599, 1926. 

i See Roiy> Aero Soc. /., 35, p. 675, 1931. 
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circumstances. By such means investigations have been made of 
the noise produced by aircraft and the improvement produced by 
modifications in design, motor-car and motor-bicycle exhaust noise, 
noise of pneumatic drills, workshop machinery noise, and city noise.* 
The following table gives the intensity levels in decibels 
(approximate equivalent loudness in phons) of familiar noises:— 


* 

Intensity 

Level 

Decibels 

Familiar Noises 

Very Loud 

130 

I’hreshold of Feeling. Limit of ear’s en¬ 
durance. 


120 

Near roar of aeroplane engine and propeller. 


no 

Violent hammering of steel plate. 


100 

Near express train. Weaving shed. 

Loud 

90 

Loud motor horn. Pneumatic drill. 


80 

Loud radio music. Average motor horn. 


70 

Inside tram. Inside train (windows open). 

Moderate 

60 

Busy street traffic. Loud conversation. 


50 

I Inside train (windows shut), Average office. 


40 

1 Inside good saloon car (moderate speed). 

Quiet 

30 

Suburban street in quiet evening. 


20 

Faint whisper. Quiet in country garden. 


10 

Faintest audible sounds. 

Silence 

0 

Threshold of audibility. 


Noise levels above 70 decibels should be regarded as excessively 
loud and offer scope for a reduction which would be in the 
interests of the general public. Efforts are being made to reduce 
aircraft, motor-car, and railway noises in every way possible; 
whilst intensive study of the reduction of noise in office buildings 
and workshops is also being made. With regard to the latter, 
three methods may be employed, viz. (1) to reduce the noise at its 
source, (2) to interpose sound-proof walls, doors, windows, etc., 
and (3) to absorb the ndse. The first of these methods is the 

• See Engineering, 132, p. 261, 1931 ; 133, pp. 147 and 504, Oct. 1932 ; 
p. 503, Nov. 1933 ; and p. 295. Mar., p. 663, Dec., p. 258, Sept., p, 316, 
Sept, and p. 401, Oct 1934 ; p. 509, Nov. 1936 : 144, pp. 700 and 728, 
1937, etc. See abo Nature, p. 74, Jan. 1931 ; p. 149, July 1934 ; p. 329, 
A'ttg;. 1936 ; and Electrical Engineering, 54, p. 55, 1935. 

The general question of noise in all its a^ects has been discussed by 
C. W. C. Kaye in numerous papers. See, for example, Phys. Soc. Reports, 3, 
p. 130, 1935 ; 6.A Presidential Address, Sect A. Nottingham, Sept. 3, 
1937 ; Engineering, 144, pp. 700 and 728, Dec. 1937. 
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most effective, the second may be applied if this is not possible, 
and the third may be used when both (1) and (2) are not 
sufficiently effective. 

Methods of suppression of unwanted noise in buildings have 
been mentioned under ‘Acoustics of Buildings,’ pp. 531 -540b, 
where reference was also made to the symposium on ‘Noise and 
Sound Transmission’ held by the Physical Society in 1948. Here 
consideration was given to the sound transmitted through parti¬ 
tions windows, walls, and doors, and to methods of reducing 
airborne and struclure-bome sound, whether continuous or of 
the impact type {e.g. footstep noises). Particular attention was 
given to domestic noises and the sound insulation in blocks of 
flats. Noises in factories, in ships, and in aircraft were also 
examined. 

Noise in the passenger accommodation of ships has been analysed 
by A. J. King.* He describes methods adopted to reduce airborne 
sound by partitions and acoustic filters, and structure-borne sound 
by floating floors and resilient mountings. Measurements made 
of the noise in a state-room, w'ith the Diesel-driven auxiliary 
generators resiliently and solidly mounted, show the benefits and 
limitations of such mountings. 

Some reference has already been made to the noise of jets, and 
to propeller and jet-driven aircraft on the ground and in flight. 
Testing of jet aircraft on the ground at aerodromes has become a 
nuisance to neighbouring residential areas of several miles radius, 
and it has called for drastic acoustic treatment. • At one aerodrome 
an. ‘acoustic pen’ or ‘muffler’ has been installed-f The ‘muffler’ 
incorporates short jet pipe detuners as used in jet engine test 
beds- 

Musical Instruments —An adequate treatment of the technical 
applications of sound to the design and construction of musical 
instruments would require a volume in itself. On the grounds 
that anything short of such a detailed treatment would fail 
in its purpose, the writer has refrained in the text from entering 
into particular descriptions of musical instruments. Reference 
has been made to them only in so far as they starve to illustrate 
points of definite scientific interest raised in the text. It must 
not be supposed, on this account, that the writer has neglected 
so important a branch of the subject, but rather that he considers 

* Inst, of Marine Eng. Trans., 62, No. 7, 1950. 

. t The Times, 2Qd Oct, 1954. See also R. H. Bolt. J. Ac, Soc. Amer., 
25, 363, 1953, on the ‘Noise of Aircraft.’ 
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that the leader should consult specialised treatises. For example, 
D. C. Miller’s Science of Musical SoundSf E. H. Barton’s article 
in The Dictionary of Applied Physics, and E. G. Richardson’s 
The Acoustics of Orchestral Instruments and of the Organ, contain 
much valuable information. 
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Frequent references have been made in earlier sections to 
sounds of high frequency ‘above the audible limit,’ generally 
referred to as supersonic or ultrasonic. There is no hard and fast 
limit at which the audible region of frequencies changes over to 
the inaudible ultrasonic region—^much depends on the individual 
and on the intensity of the sound. Broadly speaking, and for 
convenience, frequencies in the region above 10,000 c.p.s. may be 
called ultrasonic, regradless of the fact that sounds of even twice 
this frequency are audible to many ears. 

The theory of vibrations dealt with in Sections I and II is 
equally applicable in this higher range of frequencies. As we 
have seen, in discussing the velocity (p. 722) and attenuation 
(p. 349) of high frequency vibrations in gases, liquids, and solids, 
there are certain ranges of frequency where dispersion effects are 
observed (p. 354). In some cases the frequency range studied 
has extendi to the order of 10® c.p.s. The methods of measuring 
velocity and attenuation at such very high frequencies have also 
been described, some of these involving the diffraction of light 
by sound waves in liquids and solids (p, 285). A description has 
also been given of the methods of producing and receiving ultra¬ 
sonic vibrations, e.g. by the use of magnetostrictive and piezo¬ 
electric materials (p. 431), and a number of applications of these 
methods in signalling and echo-sounding (p. 514), etc. are dealt 
with earlier in this section. 

The rapid development of ultrasonic techniques and the 
introduction of new materials for producing jaowerfu’ ultrasonic 
vibrations has opened up wide fields of research and cf technical 
application in physics, chemistry, biology, medicine, and in 
industry. Many of these technical applications are, as yet, only 
in their infancy but others are rapidly growing in importance. 

(a) Piezo-Electric Materials—Until recently, the well- 
known piezo-electric crystals, quartz, tourmaline, and Rochelle 
salt have held the field as ultrasonic transducers. Other piezo¬ 
electric crystals have long been known but have not found much 
application. Quartz and Rochelle salt are still extensively used as 
sound transducers for high frequencies, and large quantities of 
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S78 


ULTRASONIC 


quartz are also used for frequency stabilisation in electronic 
circuits. The possibility of the exhaustion of the supply of 
natural quartz crystals for these purposes has stimulated research 
on the production of synthetic quartz crystals.* These are now 
grown in experimental quantities free from both optical and 
electrical twinning, and either left- or right-handed.f Synthetic 
crystals of average weight 100 grams are well shaped, ‘crystal 
clear,’ and suitable for mounting and cutting. Although quartz 
is a substance of extremely low solubility under ordinary conditions, 
it is readily soluble in alkaline solutions at pressures above 
300 ps.i. and temperatures above 250° G. The process involves 
the solution of crushed quartz at one temperature and its crystal¬ 
lisation at a somewhat lower temperature. 

To meet the growing demand for microphones for use in air 
and for hydrophones and sound transmitters for use under water, 
a numlier of pressure sensitive crystals have been grown to sub¬ 
stantial dimensions from temperature controlled solutions of 
their salts. Of these, some of the more important are ammonium 
dihydrogen phosphate (A.D.P.), potassium dihydiogen phosphate 
(K.D.P.), lithium sulphate (L.H.). dipotassium tartrate (D.K.T,), 
and ethylenediamine tartrate (E.D.T.). Some of these crystals 
have also considerable importance in optical, electro-optical, 
frequency control, and filter applications. They have also 
advantages over Rochelle salt (sod- pot. tartrate) in respect of use 
at higher temperatures; A.D.P., D.K.T., and E.D.T. operating 
satisfactorily at temperatures as high as ‘20° G., 110° G., and 
100° G. respectively, as compared with the upper limit of 45° G. 
for Rochelle salt. 

Gertain ceramic poly-crystalline materials, notably compounds 
of titanium, have been extensively used for capacitances in H.F. 
radio circuits, on account of their high dielectric constants (between 
1000 and 5000) and low loss factor. It has been found that some 
of these compounds have piezo-electric properties also. Barium 
titanate (BaTiOa) ceramic, when subjected to a high D C. electric 
field at a temjxfrature about 120° G., obtains an electric polarity 
which persists after removal of the applied field. Its behaviour 
is somewhat analogous to that of a ferro-magnetic material on 
magnetisation. At room temperature the untreated ceramic 

♦ See H. H. Wacsche, Geol. Soc. Arner., Nov. 18, 1950 ; A. C. Walker, 
/. Frank, Inst., 481, Dec. 1950. 

t D. R. Hale, Brush Strokes, Dec. 1952 (Bnish Develoimient Co., 
U.S.A.). 
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consists of a large number of domains each of which shows a 
specific distortion of the crystal lattice and an electric moment 
linked with this distortion. * If the barium titanate is heated to a 
certain temperature^ about 120“ C., the ‘Curie point/ both 
distortion and electric moment disappear. If a strong electric 
field is applied to the poly-crystalline barium titanate ceramic at 
this temperature, the oriented electric moments of the individual 
crystals have a common component which gives the ceramic some 
of the properties of a single piezo-electric crystal. The maximum 
effect is obtained when the polarising voltage, about 20 kv./cra., 
is maintained for a few minutes at 120°G. The electro-incchanical 
charge opposite to that applied to tJic electrodes during polarisa¬ 
tion, when the cr}'Stiil is mechanically expanded in the direction 
of polarisation or compressed at right angles to it. The electro¬ 
mechanical effect is linear for applied electric signals up to 600 
volt/mm. peak. Improvements in BaTiOs as a piezo-clectric 
ceramic aie obtained by small additions of other titanates, f 
e.g. PbriOa, CaTiOa. Those resnk in a niodilication of t’m^ 
temperature-sensitivity cliaracteristic and to some extent of the 
piezo-electric constant. All these ceramics are sonuavhat variable 
in their cleclro-ineclianical properties, depending as they do on 
the exact proportion and nature of the impurity factor and on the 
thermal and polarising field treatments- I’hey have, however, a 
number of outstanding advantag(;s over natural crystals, they 
can be extruded or moulded into almost any desired form (discs, 
tubes, rods, concave or convex surfaces, etc.) and can be polarised 
in any desired direction to oblaiir clfei is not ixrssible by single 
crystals. The dielectric constant of barium titanate is high 
(about 1700) which is a great convenience when the length of 
connecting cables is considerable--the use of a pre-amplifier is 
thus in many cases avoided. 

A comparison of the electro-mechanical constant- of the various 
piczo-clecliic materials mentioned above is given in the following 

table, t , , /V \ j 

It will be seen from this table that Rochelle salt (X-cut) and 

barium titanate arc much superior to other crystals in the "cT 


•See H. Jaffe, ‘Brush Strokes’ (The Brush Development Co., U.S.A.), 
Dec. 1951. 

tw. P. Mason, i^hys. Rev., 74, 1134, 1948; and ‘Piezoelectric 
Crystals* (van Nosirand, N. York, 1949). 

t The information included in this table was ob^ned from Ae pa^ 
by H. Jaffe, ‘Brush Strokes’ (Brush Development Co., Ohio), Dec. 1951. 
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coefficient (motional response/volt) and the dielectric constant of 
barium titanate is much greater than that of any other crystal. 
As regards the ^ coefficient (volts/stress), however, it b poor in 
comparison with the water soluble crystals. 

The dimensionless product dgY in the table below b the square 
of the coupling coefficient of the piezo-electric material. It 
indicates how much applied energy is available electrically or 
vice versa. Barium titanate is very good (nearly equal to Rodielle 
salt) for the ‘parallel’ effect, i.e, for the thickness mode of an 
element having its electrodes on the major faces. In the ‘lateral’ 
mode, applicable to the construction of gramophone pick-ups. 
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A.D.P., or D.K.T. 

H. ^midt * has made a scries of measurements of the electrical 
and mechanical constants of sintered discs of BaTiOs and of 
BiTiOa-j-S per cent PbTiOa ceramics. The elastic constants, 
temperature-dielectric constant variation, electric loss factor, and 
piezo-modulus were measured. It was shown that the tempera¬ 
ture variation between—10 and -f-llO^C- b much more constant 
in the case of the discs containing lead titanate. 

All these electro-strictive materials, in addition to the magneto* 
strictive metab and alloys are now in common use as transducers 
fm* ultrasonic frequencies, The magnetostrictive materials are 
suitable m the lower range of frequencies, says 10 to 100 kc./sec., 

* Akusk Beihtfle, 2, AB 83, 1952. See also W. P. Mason and R. F. 
¥ick, J. Ac. Sac. Amer., 22, 209, 1951. 
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whereas the piezo-electric materials cover a much wider frequency 
range up to the order of 100 megacycles/sec. They are adaptable 
for sound reproduction, gramophone ‘pick-ups,’ hearing aids, 
microphones for use in air {e.g. in broadcasting), and transducers 
for use as transmitters and/or receivers in water. A wide range 
of piezo-electric materials and the transducers in which they are 
incorporated is manufactured by the Brush Development Company 
(Cleveland, Ohio, U.S.A.). These arc described in the various 
publications of that company.* Powerful barium titanate trans¬ 
ducers have been made in the form of flat plates, spherical bowls, 
cylindric^al troughs, and complete cylinders-f The curved forms 
have a powerful focusing action which results in the production 
of large intensities at the focus in liquid media. In this application 
an important factor is the low electric imi>edancc of the ceramic 
as compared with quartz. The voltage necessary for a quartz 
transducer Avould be about 100 times that required for barium 
titanate to produce comparable cfl'ecls. For iuslance, a 4 in. 
diameter bowl of ccnamic, (jf focal length 2|- in. and thickness 

in. at 400 kc- (about in. for 1000 kc./sec.) has a static 
capacity of ’02 microfd. and impedance about 20 ohms. At 
resonance tlie motional imj^edance will, of course, depend on the 
medium into which ilie tranhdui;er is radiating its energy in air 
the motional resistance is about 120 ohms, whilst with one face 
in castor oil this resistance drops to abo\it 10 ohms. In another 
form of ceramic transducer, described by O. Mattiat, the large area, 
concave, focusing emitting surface is built up by a mosaic of 440 
hexagonal ‘tiles.’ These hexagonal elements, designed to resonate 
at 100 kc./sec. are 0-825 in. long and about ^ in. w'ide. The focal 
length of the complete mosaic ceramic transducer (about 12 in. 
diameter) is 12 in. By suitably spacing the elements to increase 
the cooling surface, the electric penver inj)iit ran be raised to 
15 watts/cm.2 without depolarising them. 

(b) Measurement of Sound Power Output ant< Calibration 
of Ultrasonic Transmitters— Methods have already been 
described for the measurement of the sound power output and 
the intensity of sound emitted by transmitters in air or in water. 
Of these, the Rayleigh disc (see pp. 464-467b) , the sound radio¬ 
meter (torsion-vane pendulum, see pp. 467-471). and the motional 
impedance electrical method (circle-diagram, see p- 74) have been 

* “Piezotronics,* ‘Brush Strokes,’ etc. ,r c- i. ■ i 

t O. E. Mattiat, ‘Brush Strokes.’ 3, No. 2. July 1^53. See als« H. Schmidt, 

Akust. Peihefte, 2, AB 84, 1952. 

39 
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extensively used in the range from audio frequencies up to the 
Older of 100 kc./aec. 

The development of ultrasonic power transmitters at very hig^ 
frequencies (of the order of megacycles) and correspondingly 
short wave-lengths, has resulted in a number of ingenious adapta¬ 
tions of the radiometer method for their calibration. One ol 
these, the equivalent of the torsion-vane pendulum, consists of.a 
horizontally mounted pivoted lever which has mounted at one 
end a ‘reflector’ on which the sound radiation falls, and at the 
other end a counterpoise which is screened from the radiation. 
The ‘reflector’ which faces the sound transmitter is formed of a 


layer of small cones which serve to scatter the incident sound 
and thus avoid setting up a stationary wave system. The deflec¬ 
tions of die balanced lever can be directly measured, or a torsion 

head used to restore the arm to 
its ‘zero’ position. 

In another method * the sound 
UtM pm* reflector is coupled by a fiine 
tnnmitur thread to the spindle of the 
moving coil of a milliammeter, the 
deflection of which can either be 
read directly or can be restored 
injection of a 
Qn4mM known current, which produces 
a calibrated torque. 

* An ingenious and effective 

method which has been devised 
by H. Oberst and P. Riecke- 
nt mannf measures the radiation 

pressure directly. It was de- 
0/dM iMof signed primarily for the cali- 
mitiktight bration of the power output 
beamshape of ultrasonic 

^ transmitters used in medical 
therapy. These transmitters, 
of quartz or barium titanate, 
operating £tt megacycle frequencies,, have a diameter of 2^ in. and 
at 2000 volts give a sound output of about 50 watts. The arrange¬ 
ment for calibrating them is shown diagrammatically in fig. 159. 

• Proc, Ac. Soc. Amer., 15, 310, 1929. 

f AmtsMatt der Phys, Techn. Bundesansudt Braunschweig^ Nos. 3 and 
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A glass vessel 67 cm. high by 28X26 cm.® is filled with water^ 
and supported on a table which can be raised or lowered through 
50 cm. The sound transmitter to be tested is mounted in a 
circular hole at the centre of the water surface, and the sound 
beam is directed vertically downwards. Another, smaller, 
glass vessel (14 cm. high by 7 X 5 cm.®) contains GCU and is 
mounted on a suspended frame of nickel-plated angle brass 
which can be raised or lowered. To avoid reflection and formation 
of stationary wa\’es the bottom of the smaller glass vessel is 
covered with metal strips on edge. wSimilarly, the bottom of the 
large glass vessel is covered with a 20 cm. layer of glass wool. A 
‘swimmer,’ on which the sound beam falls, consists of a thin 
walled (0-5 mm.), hollow, brass cylinder with a re-entrant conical 
(130*) upper surface (0*2 mm. thick). To the underside of this 
swimmer is attached a smaller diameter glass lube containing a 
scale graduated in mm. The swimmer is slightly heavier than 
the water it displaces, but remains submerged and floating, in 
equilibrium, with the narrow tube dipping in the carbon tetra¬ 
chloride contained in the smaller glass vessel. The re-entrant 
upper face of the swimmer ensures that stationary waves are 
avoided and also serves to ‘centre’ it in the sound beam. Between 
the sound transmitter and the upper conical surface of ihe swimmer 
is inserted a thin ( 6 ^) sheet of aluminium, mounted on a ring, 
which serves to deflect any ‘actnistic-wind’ set up by the powerful 
vibrations of the transmitter, but pennitting the alternating 
forces to be traihsmittcd to the swimmer. When the sound is 
switched on, the swimmer automatically centres itself in the sound 
beam and is forced further down into the CGU by the radiation 
pressure of the sound. The force required to produce unit 
depression of the swimmer is known, either from the dimensions 
of graduated tube and the density of GCI 4 or by din^ct calibration, 
by the addition of weights to the upper face of the swimmer. 
The sound pressure was found to be directly propori onal to the 
sound power emitted by the transmitter, and was constant at all 
distances in the range 2 to 17 cm.—in this range practically the 
whole of the sound enerj^' radiated in the primary beam from the 
transmitter falls on the swimmer. This indicates that the second¬ 
ary beams from the transmitter which do not fall on the swimmer 
are relatively insignificant. 

This apparatus is remarkably simple in operation and Is used 
at the P. T. Bundesanstall to calibrate ultrasonic transmitters for 
use in medical therapy. 
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Reference has been made (p. 356b) to the work of 
S. Parthasarathy and his collaborators on the measurement of the 
heat produced by H.F* sounds in viscous liquids. Within certain 
limitations of frequency and type of liquid, this method could no 
doubt be developed into a means of measuring the sound output 
of transducers operating at high frequencies. 

Dispersion and Coagulation of Suspensions. 

Aerosols and Hydrosols. —It has been known since the early 

days of ultrasonics that suspensions of solid particles in gases 

(aerosols—smokes, clouds, etc.) and in liquids (hydixKols— 

powders in suspension, emulsions, etc.) may be dispersed or 

coagulated when subjected to powerful ultrasonic vibrations. 

R. W. Boyle and his collaborators {loc. cit) used fine coke particles 

to indicate beam shapes of ultrasonic transmitters under water ; 

and experiments by tlie author demonstrated the coagulation and 

precipitation of ammonium chloride ‘smoke’ at the nodes of a 

stationary w-ave system in an air-filled glass tube. The early work 

of R. W. Wood and A. L. Lomnis (see p. 159) and of F. L. Hopwood 

demonstrated the emulsification of ‘ mixtures ’ of oil and water and 

various other interesting phenomena associated with ultrasonic 

vibrations in water. Reference has already been made to the 

velcx'ity and attenuation of sound in gas-bubble and solid su^- 

|x;nsions in water, and to the resonant properties of small bubbles 

in liquids. Fhe phenomena associated with cavitation in liquids 

has also been considered. All those factors have ui one wav oi 

/ 

another some bearing on this question of dispersion and/oi 
coagulation of suspensicMis of gaseous or solid particles in liquids. 
Cavitation, of course, docs not oceair in air, so this factor must be 
ruled out in considering these phenomena in smoke or other solid 
suspensions in air. Whitlaw'-Gray carried out many experiments 
in the 1920’s with the object of using ultrasonic vibrations 
to disperse fog in the atmosphere, but the results were not of a 
very positive nature. E. G. Richardson and T. J. Laidler * 
measured the size of particles in various kinds of smoke 
(stearic acid or MgO) and determined the attenuation of high 
frequency sound in them. Other observers have used tobacco 
smoke, lycopodium, etc. On p. 472 reference was made to 
W. Konigfs explanations of the formation of straie in Kundt’s 
dust tube, where he states that a pair of particles, lying in a line 
at right angles to the alternating flow in the sound wave, will be 
attracted towards each other, whereas they will be repelled if they 


•/. Ac. Soc. Amer., 9, 217. 1928. 
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lie in a line parallel to the alternating flow of the sound waves. 
The force acting between the particles (assumed spherical, and of 
radii a^), situated a distance ' r' apart, will be 

u o 

Force oc p —.ir 

where 'v is the particle-velocity in the sound wave. The force 
increases extremely rapidly as the distance V apart of the particles 
decreases. It is not unlikely that some of the phenomena 
observed in the dispersion and coagulation of particles in suspen¬ 
sions are partly due to this cause. These phenomena are, however, 
probably much more complex, and there is much scope for further 
investigation. 

The emulsification of paraffin oil and water, the cleaning of 
oxide films and other solid coatings from solid surfaces immersed 
in water transmitting intense ultrasonic vibrations, are now 
familiar processes, some of which have been put to practical uses. 
This, the barium titanate ti'ansmitters described above have been 
used to disperse pigment to produce high quality paint, and to 
disperse carbon black effectively in water, oil, and resins- Small 
parts cf jewellery have been easily cleaned free from finishing 
compounds. H. K. Schilling, I. Rudnick, and C. H. Allen * 
have applied ultrascnic trealnient to laundering processes, showing 
that a I hour single wash of a carbon-black oily-cloth produces 
results even more satisfactory than a 10 or 12 hours wash (with 
50 changes of water) in the ordinary laundry way! A continuous 
flow process, using a tubular barium titanate transducer, has been 
used to break down high polymer liquids (E. O. Matliat, loc. cit.). 

Another interesting application of the dispersion of oxide 
coatings on metals relates to the tinning and soldering of aluminium 
and its alloys-f The high frequency vibrations, set \ip in a bath 
cf molten solder by a magnetostriction oscillator, remove the 
oxide film from a piece of aluminium dipped in it, this allowing 
‘ tinning ’ to take place. 

The process of emulsification is much facilitated by the appli¬ 
cation of ultrasonic vibrations. Oil-in-water or water-in-oil 
emulsions are formed at different frequencies, and depend on 
the presence of certain oleates (of sodium or barium). Koalin 
(china clay) is rapidly dispersed in water by ultrasound, and very 
fine dispersions can be obtained in thb way. Similarly, emulsions 

• /. Ac. Soc. Arner.^ 21, 39, 1949. 
f Phys. Soc. Exhibition (Mullard Exhibit), 1950. 
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of mercury in water and various organic liquids can be produced, 
there being in this case some evidence that dissolved gases play 
an important part in the process of emulsification. 

When a metal or alloy is crystallising from the molten state the 
size of its crystals can be made smaller and of more uniform size 
by ultrasonic agitation during the process. This is particularly 
noticeable in the case of aluminium and magnesium. 

(d) Chemical and Biological EfiEects. Medical Uses— 

There are numerous references in the literature to the chemical 
and biological effects produced by intense ultrasonic vibrations. 
For example, free iodine is liberated from a solution of potassium 
iodide, indicated by its own colour or by the intense blue of starch 
iodide in the presence of soluble starch. Similarly, a solution of 
hydrogen sulphide is turned cloudy by the liberation of sulphur. 
In the case of potassium iodide, the optimum concentration is 
about 5 per cent, of dissolved salt, but there appears to be some 
doubt as to the variation of effect with sound intensity. It has 
been considered that cavitation is a necessary condition in ail 
chemical reactions produced by ultrasound and, in fact, in other 
manifestations such as coagulation and disruption phenomena. 
R. E. Noltingk and E. A. Neppiras* ascribe such effects as due 

to the enormous accelerations and forces oroduced when cavitation 

•> 

bubbles collapse. Increase of pressure to several atm(»pheres or 
previous degassing of the water prevents the chemical actions. 
It is possible, of course, that oxidation processes, combined with 
cavitation, also play a part in the reactions. Studies of the effect 
of ultrasonic vibrations on albuminoid substances, blood serum, 
bacteria, vaccines, enzymes, and on polystyrol have been made by 
numerous investigatQrs.t 

It is not surprising that ultrasound which produces such 
definite physical effects of a mechanical, chemical, and thermal 
nature should have also a marked effect on living matter. In 
fact, it has been shown repeatedly that the biological effects of 
ultrasound are very important from a medical standpoint. A* 
Dognon | refers to the numerous researches which have been 
carried out to elucidate the rem 2 urkable biolo^cai changes which 
take place when living cells (or very small organisation) are radiated 
in dilute and concentrated suspensions, or when they are assembled 

• froc, Phys. Soc. B, 63, 674, 1950. 

fW. Fotsdorf and 1* A. Chambers, J. Biol. Chem., 114, 75, 1936; 
117, 689, 1937 ; /. Immunology, 28, 297, 1935 ; Proc. Soc. Exp. Biol. I4cd., 
38, 924, 1938 ; and W. Lepea^kin, /. Phys. and Coll. Chem., 53, 335, 1949. 

} *1^ Uhrarans’ (University Press, France), 1953. 
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together in living tissue. A very dilute suspension of red blood 
corpusicles in an isotonic saline solution rapidly turns a beautiful 
limpid red, a sign of haimolosis setting free the haemoglobin. 
The destruction of bacteria is an important practical problem in 
research, from the point of view of sterilisation and the eventual 
production of endotoxins used in the preparation of serums. 
Dognon refers to many experiments on various kinds of bacterio¬ 
logical preparations, and to similar work of M. Rouyer and 
P. Grabar.* The percentage destruction of bacteria of para¬ 
dysentery, anthrax, staphylococcus, etc. in some of these experi¬ 
ments (at about 1 rnegacycle/sec. frequency) amounted to over 90 
per cent., in some cases practically total destruction was observed. 
Red blood corpuscles in saline solution are extremely sensitive to 
ultrasound, an intensity as low as 0‘1 watt/cm." being sufficierit to 
destroy them. Multi-cellular organisms and tissue are similarly 
destroyed by intense ultrasonic radiation. An important applica¬ 
tion in medical treatment arises from tlie therapeutic action of 
ultrasonic vibrations on tissue. This tyjH.' of lhcraj)y is rapidly 
increasing in importance. R. Pohlniann f gives the results of 
measurements of attenuation of high liequency vibrations in 
various types of animal tissue--nuistle, heart, liver, tongue, fat, 
etc—an average value of thickness of layer to reduce the incident 
energy to half, being about 7 or 8 cm. at 400 kc./sec., tailing to 
about 0-7 cm. as the frequency is increased to 4*5 megacytles/sec. 
Similarly measurements have been made by R. Esche | in beef and 
pig’s brain in the frequency range 0*5 to 1 megacyclc/sec. He 
found that the absorption is directly proportional to the frequency 
of the vibration in this range. He also found that it required an 
intensity of about 200 watts/cm. (at 0*5 mc/soc.) to produce 
cavitation in fresh blood, whilst in animal tissue no cavitation was 
observed even at the highest sound intensities available. H. 
Brettschneider § describes the therapeutic applications of ultra¬ 
sonics and in the treatment of internal lesions and localised 
haemorrhages. 

From time to time various attempts have been made to apply 
industrial methods of ultrasonic echo techniques to localise faults 
in the human body, in a manner similar to that used to find flaws 
in metal castings and other materials. K. T. Dussik jj used an 

* Ann. Inst. Pasteur, 73, 215, 194'7. 

'i* ‘Die UltraschaHtherapie,’ p. 99, 1951. 

XAcust. Beihefte, 2, AB 71, 1952; and 4, AB 208, 1952. 

I StraMentherapie, 81, p. 135, 1950 ; and Congress Erlangen, p. 283, 1949. 

/, Phys. Therapie, 1, 140, 1948. 
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ultrasonic method in attempts to localise tumours in the brain. 
The latter, which consists of more or less homogeneous material, 
contains a series of cavities or ventricles which are of assistance 
in the diagnosis of cerebral tumours not easily located by 
X-radiography. R. H. Bolt * has also carried out similar otperi- 
ments on the transmission of sound through the brain and discusses 
the thresholds of pain and damage. A demonstration of the 
principle of echo-sounding in the human brain was given by the 
Cancer Research Hospital (London) research staff.f A pair of 
quartz transducers (commercial flaw-locator type) were placed in 
good acoustic contact with the forehead of the patient and short 
pulses of high frequency sound (megacyc!es/sec,) were transmitted 
at regular intervals. The echoes from acoustic discontinuities 
were displayed on a G.R.O. tube in radar fashion, and the ranges 
and bearings of the discontinuities plotted on a chart of the brain. 
The position of the ventricles, etc. were located in this way and 
good agreement found with anatomic.al diagrams of the brain. 
The pulsating of blood vessels in the brairt with the corresponding 
heart beats could be clearly seen on the G.R.O, display. 

* Science^ 112, 525, 1950 ; /. Ac, Soc. Anier., 23, 160, 1951 ; and 26, 
581, 1954. 

t Phys, Soc. Exhibition Handbook, p. 40, 1954. 
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IL—TABLES OF VELOCITY (Observed) 


(a) Solids (LonpitudinaJ Vibration of Rods) 


m 

X10* cm./scc. 


X 10* cm,/sec. 

Aluminiiun 

51 

Brass 

3-6 

Copper 

39 


4 to 5-3 

Iron (cast) . 

4-7 


5-50 

Steel . . • • 

51 


4 2 

Lead ... - 

12 to 1 35 


0 43 lo 0 53 

Nickel 

4-97 

Ivory. 

301 

Magnesium 

4G0 

ParalTin-w at 

1-4 

Silver 

20 

Rubber 

003 

Tin . 

2-5 

Pilch 

0-68 

Ice .... 

32 




(b) Liquids 


Liquid 

Tempera¬ 
ture 
“ C. 

Velocity 
cm./sec. 

Method 

Observer 

Water (fresh). 

8 1 

I 435 X10* 

Bulk (Lake 

Colladoii and Sturm, 

Water (distilled) 

13 

1-441 

Geneva) 

1827. 

U 


19 

1 461 

, , 

>T. Martini, 1908. 


31 

1-505 


J 


5 

1 139 1 

High frequency 



1> 

1-477 1 

(3 X10* p.p.s.) 

R W. Wood, Hub- 


25 

1-509 > 

quartz oscil- 

bard and I^oiomis, 


35 

1-539 1 

lator in tube 

1927. 

IPoiw (2-5% salt 

15 

1-510 } 

• • 


solution). 

Sea iBoter (A«= 1 026) 

15 

1-5041 

Open sea 

Marti, 1919. 

Sea vaaltT (3 5% 

r 60 

^ 70 

1-1740 ± 0006 1 
1-4773 Y 

Open sea 

1 A. B. Wood, Browne 
> and Cochrane, 

salinitjr). 

1 10-95 

1-5104± 0003 J 

J 1920-23. 

Mercury 

25 

1-469 , 

Quartz oscil- 

] H. W. Wood. Huh- 

l» ■ • 

3«J 

1 468 (_ 

lator (3 X10* 

> bard and Loomis, 

Chloroform 

5 

15 

1 066 ( 

1027 ; 

p.p.s.) in tube 

j 1927. 

Alcoiiol, Ktliyl 

15 

0-983 


j Dorsing, 1908 (see 

12-6 

1-241 


( Geiger and Scbeele, 

Ether, Ethyl . 

0 

1-145 


f Handbuch der 

Turpentine 

15 

1-328 


/ Phystk, 8), 

3-5 

1-371 


Martini, 1888. 

Pelroi . 

7-4 

1-395 


Martini, 1896. 

Benzene 

17 

1-lTO 


Schmidt, 1905. 

L_ 


(c) Casts 


-1 -- ---1 

Qas (at 15“ C.) 

Velocity 

cm./sec. 

Observer 

Air\ity) 

„ (in the open). 

ft ^ * 

(in tube) 

Cfva a ■ • • a 

Hydrogen .... 
CO .... 

Oxygon .... 

Water-vapour , 

Argon .... 

Beiium .... 

Coal ga» .... 

0-3398 ±1x10* 
0-3308 ±l 

0-3313 

0-3319 

0-2585 

1-261 

0337 

0-3i7 

0-401 

0-308 

0971 

0 49 to 0-51 

Esclangon, 1917-1919. 

Angerer and Ladenberg, 1922. 
Hebb, 1919. 

G. W. Pierce. 1935. 

G. W. Pierce, 1925. 

Dulong, 1829. 

Jaeger. 
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